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ABSTRACT
The Effect of Rate Control Cueing Modality
on Articulatory Patterns
Amelia Caroline Jackson
Department of Communication Disorders, BYU
Master of Science
The current study examined the change in articulatory patterns when speakers were asked
to increase and decrease their speaking rate by matching metered and rhythmic audio recordings
and by matching metered and rhythmic audiovisual recordings. There were 10 participants, five
male and five female, ranging in age from 20 to 36 with a mean age of 25. Participants spoke the
sentence “Don’t fight or pout over a toy car” under rhythmic, metered, fast and slow conditions
and in response to audio only or audiovisual models, resulting in eight speaking conditions:
audio metered fast, audiovisual metered fast, audio metered slow, audiovisual metered slow,
audio rhythmic fast, audiovisual rhythmic fast, audio rhythmic slow, and audiovisual rhythmic
slow. Each participant had five sensors glued to their tongue, teeth and lips and articulatory
movements were recorded with an NDI Wave electromagnetic articulograph. Ten tokens of the
target utterance were analyzed for duration and Spatiotemporal Index (STI). STI was then
computed for the vertical movements of the tongue, jaw and lower lip, as well as lip aperture in
order to measure variability of speech movements over multiple sentence repetitions. Stroke
metrics based on the speed history of the articulators were also computed in order to reveal
average kinematic features of articulatory gestures, or the individual. movement strokes that
occurred between successive speed minima in running speech. Statistical analysis revealed that
STI measures did not change significantly in response to the different rate conditions. This study
demonstrated that in neurotypical individuals, articulatory patterns including stroke count, onset
speed, peak speed and hull area changed significantly in faster or slower speech. Additionally,
the results revealed that both metered and rhythmic cues and both audio and audiovisual cues are
effective in decreasing and increasing speaking rate without significantly impacting the STI (i.e.,
consistency) of articulatory movements. Therefore, it may be that a speaker’s efforts to match the
audio and audiovisual cues in real-time more significantly affected articulation patterns than
whether cues were rhythmic, metered, audio or audiovisual. The findings from this study can be
used as a foundation for future studies with individuals with dysarthria provides information
regarding the kinematic effect of rate control methods not currently available in relevant
literature. The findings of this study may also contribute to theories about the underlying neural
mechanisms of speech articulation and associated changes in intelligibility.
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DESCRIPTION OF THESIS STRUCTURE AND CONTENT
This thesis, The Effect of Rate Control Cueing Modality on Articulatory Patterns, is
written in a hybrid format. The thesis is reported as a journal article and conforms to length and
style requirements for submitting research reports to communication disorders journals. The
preliminary pages of the thesis reflect requirements for submission to the university. The
literature review is included in Appendix A. The Institutional Review Board Approval Letter is
included in Appendix B.
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Introduction
Human speech is an intricate, multifaceted process involving multiple systems in the
body. A listener is able to recognize and understand speech based on linguistic, prosodic and
temporal markers, such as pauses and variations in pitch. In addition, visual cues from the
articulatory movements of the lips and tongue supplement auditory input, allowing the listener to
recognize and understand speech even in distracting or loud environments where an acoustic
signal may be weakened. For individuals diagnosed with dysarthria, a group of disorders caused
by neurological damage, characteristic symptoms include abnormal control of the muscles
involved in respiration, phonation, and articulation. Thus, individuals with dysarthria often have
increased difficulty producing intelligible speech because of distortions of the necessary
linguistic, acoustic, prosodic, and temporal cues. This results in a characteristic common to many
patients with dysarthria: reduced intelligibility (Duffy, 2005). Treatments for dysarthria,
therefore, are aimed at either restoring intelligibility of speech by strengthening and
rehabilitating weakened speech subsystems or compensating for loss of intelligibility with
strategies such as environmental modifications or conversational strategies that increase
contextual cues for listeners. For example, expiratory muscle exercises are designed to help
increase respiratory support and minimal contrast therapy is aimed at increasing articulatory
awareness, control, and precision. Another common treatment strategy is rate modification. The
rationale for such a treatment is that in a patient with dysarthria, reducing speech rate allows
more time for the coordination of muscle movement and for more precise articulation (Blanchet
& Snyder, 2010). In addition, it has been suggested that a reduced speech rate allows a listener
more time to process what they are hearing and piece together what they understand without
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having to hear a completely intelligible statement, and thus increases the speaker’s
communicative effectiveness (Duffy, 2005).
Common rate modification techniques include pacing boards, alphabet boards, visual and
auditory feedback, delayed auditory feedback, and external rhythmic cues. Pacing boards are
boards divided into segments that can be tapped or read by the patient to represent segments in
speech, most often syllables (Blanchet & Snyder, 2010). Because finger movements tend to be
much slower than a typical syllabic rate, this approach requires the speaker to slow their speech
to match the speed of their moving finger. Speakers use alphabet boards by pointing to the first
letter of each word they speak (Yorkston & Beukelman, 1981a). Similar to pacing boards,
alphabet boards aid speakers in slowing their rate by requiring them to match their speech to the
speed with which they are able to find and point to the first letters of the words they are
speaking. It has been suggested previously that alphabet boards may increase a speaker’s
intelligibility both by slowing the speaker's speech rate and by providing orthographic cues for
the listener (Hanson et al., 2004). However, it has been found that similar increases in
intelligibility can be found both when either alphabet cues or hand gestures are used (Hustad &
Garcia, 2005). This leads to the conclusion that, while alphabet boards can provide additional
information for listeners, they are not necessarily successful in increasing intelligibility solely
because of the provided orthographic information; letter selection causes the speaker to slow
down, which may be mostly responsible for increases in intelligibility.
Visual and auditory feedback involve a broad spectrum of cue types and are essentially
any type of cue that continuously supplies a speaker with immediate visual or acoustic feedback
about their speech, allowing them to modify their behavior to achieve a target measure in real
time (Blanchet & Snyder, 2010). For example, computer systems can provide a visual
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representation, such as a bar moving across the screen to show whether an individual is
successful in matching a target model on the screen (Blanchet, 2006). Delayed auditory feedback
(DAF) uses a microphone worn by the speaker that receives the speech signal and relays it to a
headphone with a delay of between 50ms and 150ms (Duffy, 2005). For neurotypical
speakers, DAF can induce an involuntary decrease in speech rate, often accompanied by
increases in disfluencies (Chon et al., 2013). In addition, it has also been shown to reduce
stuttering in individuals with fluency disorders and to slow speech rate in speakers with
neurogenic disorders (Blanchet, 2006). External rhythmic cues can be similar to visual and
auditory feedback but differ in that they tend to utilize simpler tools, such as metronomes or
simple hand-tapping (Blanchet & Snyder, 2010). External cues are often either metered or
rhythmic. Metered cues provide cues at equal intervals with equal stress (Yorkston et al., 1990).
Rhythmic cues provide irregular cues that more closely mimic natural speech with unequal
spacing between words and syllables (Yorkston & Beukelman, 1981a).
For many clinicians, the choice of which rate modification technique to use is influenced
by their own clinical experience (which techniques they have used before and have found
successful), client preference, convenience (a delayed auditory feedback (DAF) device may be
more difficult to procure than an alphabet board), and cost. Some rate modification techniques
are also better suited to everyday functionality than others. For example, an alphabet board can
be easily carried and used by a patient in a variety of settings, whereas an external rhythmic cue,
such as a metronome, is not as adaptable. Another concept to consider, besides a reduction in
speech rate, is how rate modification affects intelligible speech rate (ISR). ISR, also known as
the communication efficiency index, is the number of intelligible words per minute, and is an
important measure of how efficient an individual’s speech is (Yorkston & Beukelman, 1981b).
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Therefore, it is important to consider that when implementing rate modification treatments, the
goals of therapy should include not only a reduction in speech rate, but also an increase in
intelligibility. Though it appears most rate modification techniques are effective for at least some
people, rate modification techniques can be difficult to apply successfully due to differences in
the ways individuals respond to them. Despite research efforts, the factors determining which
treatment will be effective for a given patient are unclear, and it is not well understood if certain
techniques are more effective for certain types of dysarthria than others, or for certain levels of
dysarthria severity. In fact, it is not uncommon for the same rate modification technique to
increase intelligibility in one patient and decrease intelligibility in another (Yorkston et al.,
2010).
Because each dysarthria subtype is caused by neurological damage in different parts of
the brain, it may seem logical to assume that speech rate treatments for various types of
dysarthria would vary in their effectiveness, based on the type of dysarthria being treated.
However, research has shown this is not necessarily the case. For example, in a study aimed at
determining how auditory-visual cues affected speakers with mixed spastic-ataxic dysarthria,
two of three participants experienced increased intelligibility, while the third experienced slightly
decreased intelligibility (Pilon et al., 1998). In another study, participants with either ataxic or
hypokinetic dysarthria experienced similar gains in intelligibility when using a metered cueing
strategy (Yorkston et al., 1990). However, in a third study, focused on speakers with hypokinetic
dysarthria secondary to Parkinson’s disease, two of the five participants experienced gains in
intelligibility using a rhythmic cueing strategy, (as opposed to similar gains seen in the Yorkston
study by those using a metered cueing strategy; Ouellette, 2015). To further add to the
differences in findings, according to a study on rate modification techniques, the approaches that
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appeared to be the most successful in reducing speech rate, namely pacing boards, alphabet
boards, and hand tapping, were not always the most successful in increasing intelligibility
(Nuffelen et al., 2010). This has given rise to the idea that perhaps there is an optimum speech
rate to increase intelligibility: neither too fast nor too slow. Some research has suggested that
perhaps individuals whose intelligibility decreases with rate modification treatment may already
be speaking at their optimum rate. In addition, multiple studies have reported that with the goal
of matching a set speaking rate, more errors occur when an individual is attempting to slow their
speech rather than when they are attempting to accelerate it, further strengthening the idea that
slowing speech rate is not always the optimal solution (Hyland & Weismer, 1988).
As reducing speech rate does not always lead to a maximal increase in intelligibility, it
could be suggested that perhaps the relationship between speech rate and intelligibility is not as
straightforward as might be assumed. An additional factor to consider is articulation rate, which
differs from speech rate. Articulation rate refers to how quickly the articulators are moving and is
measured in fluent syllables, phonemes, or words per second or minute, excluding disfluencies
and pauses longer than 250 ms. Speech rate involves measurements of the entire duration of
speech and is measured in words or syllables per minute or second, including disfluencies and
pauses (Chon et al., 2012). For example, an individual can produce short, rapid bursts of fluent
speech, therefore having a high articulation rate, but do so with intermittent long pauses,
resulting in a low speech rate. Therefore, evaluating the effect of speech rate modification on
intelligibility must take into account not just speaking rate, but also articulation rate and
articulatory movements.
Previous research has utilized several different methods of analyzing articulatory
kinematic patterns. One such method involves the analysis of articulatory “strokes”, which are

6
defined as an articulatory movement between two adjacent points of minimum speed, or speed
minima in the movement record (Tasko & Westbury, 2002). Previous research involving
articulatory strokes also analyzed articulatory onset speed, or the speed at which an articulator is
moving at the beginning of a stroke, and peak speed, which is the maximum speed at which an
articulator is moving during a stroke. Utilizing such measures in a kinematic analysis allows for
segmentation of articulatory movements without reference to acoustic boundaries or to
traditional speech units such as phonemes or syllables. Additionally, stroke measures,
particularly stroke count, or the number of velocity peaks in a segmented utterance, may be
related to speech rate. Therefore, stroke measures are a reliable way to analyze the average
kinematic features of articulation in connected speech, rather than the analysis of individual
articulatory movements for specific speech sounds. In a study of the effects of speech rate on
articulatory movements in neurotypical individuals, it was found that generally, duration of
articulatory movements increases as speech rate decreases (Adams et al., 1993). In addition, at an
increased rate the movement of the tongue during a single articulatory gesture resulted in a single
velocity peak, representing a simple, uninterrupted kinematic trajectory. However, at a slowed
rate the tongue trajectory included multiple, asymmetric velocity peaks, reflecting more than one
acceleration/deceleration sequence during an articulatory movement between a consonant and a
vowel (Adams et al., 1993). This finding reveals not only that speech rate may directly affect
articulation rate, but that reducing speech rate can result in less straightforward articulatory
patterns than increasing speech rate. Indeed, research has shown that a measure of the instability
of speech movements over time, the Spatiotemporal Index (STI), tends to increase at slowed
rates, suggesting less stable articulatory movements at reduced speech rates (Smith et al., 1995).
This variability in articulator velocity patterns may be related to the reported intelligibility
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decreases with reduced speech rate in some individuals, particularly those with mild or no speech
impairments (Pilon et al., 1998).
The question then is: if reducing speech rate can result in inconsistent articulatory
patterns, why does reducing speech rate often increase intelligibility? It is not entirely clear
whether a reduction in speech rate increases intelligibility because it gives the listener more time
to decipher disordered speech, or because it allows speakers more time to articulate clearly. This
can be especially difficult to discern with certain types of cueing, such as alphabet boards that
provide listeners with orthographic cues as well as auditory cues. More uncertainty stems from
research showing that different treatments may be effective depending on the severity of the
dysarthria being treated. In general, most studies show that participants with severe dysarthria
experience greater gains than those with moderate or mild dysarthria. This could be due to the
fact that an individual with 40% intelligibility at their habitual speech rate has more room to
improve towards 100% intelligibility than an individual with 90% intelligibility. Additionally, it
could be speculated that individuals with mild dysarthria may experience more of a disruption to
their articulatory coordination at slowed speaking rates than individuals with more severe
dysarthria. Neurotypical speakers often experience an increase in speech errors with slowed
speech rates (Hyland & Weismer, 1988). It could be hypothesized that individuals with mild
dysarthria, whose articulatory abilities are better preserved than speakers with severe dysarthria,
may experience something similar. Conversely, it could be speculated that speakers with severe
to moderate dysarthria, whose motor abilities have already been disrupted by neurological
damage, and who may already have irregular articulatory movements, do not experience as
significant an increase in articulatory inconsistency with the reduction of articulation rate
because a motor disruption already exists.
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If reducing speaking rate generally leads to increased intelligibility, particularly in
individuals with severe or moderate impairments, what is the effect of increasing speaking rate?
In the same study showing that errors in matching a prescribed speech rate are more likely to
occur when slowing speech, it was found that fewer errors are typically made in matching an
accelerated speech rate (Hyland & Weismer, 1988). This is consistent with the idea that reducing
speech rate often leads to more irregular articulatory patterns. While this finding appears to
support the speculation that increased rates of speech may be easier to consistently maintain, it is
unclear whether the ability to sustain a given speech rate is associated with speech intelligibility,
or whether increased speech rates are easier to maintain because pre-established articulatory
motor plans do not require as much alteration for accelerated movements as they do for
decelerated movements. It is also unclear whether certain methods of cueing are easier to match
at an accelerated pace. Because most studies connected with speech rate modification focus on
the effects of speech rate reduction, finding answers to these questions will require additional
research.
In addition to intelligibility, speakers with dysarthria may also experience a reduction in
naturalness of speech. A naturalness score is determined by listeners based on a number of
factors that include speaking rate, pause duration, and pause frequency (Ratcliff et al., 2002).
Because most rate modification treatments focus on increasing intelligibility by reducing speech
rate, pause frequency and duration may increase, and articulation rate may decrease, making
speech sound unnaturally slow. Prosody can also be negatively affected (Yorkston et al., 2010).
Unfortunately, this means that for many patients with dysarthria, a maximum increase in speech
intelligibility results in a decrease in speech naturalness. While it does not appear one can
improve without reducing the other, one study showed that for those individuals with severely
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unintelligible speech, a further decrease in naturalness did not have a significant negative impact
because their speech was unnatural-sounding to begin with (Yorkston et al., 1990). For these
patients, the benefit of increased intelligibility outweighs the decrease in naturalness. However,
for patients with mild speech impairment the reduction in naturalness, as a result of reduced
speaking rate, may be significantly more noticeable (Dagenais et al., 2006). In addition, in
contrast to speakers with moderate to severe impairments, speakers with mild impairments may
experience a greater increase in speech acceptability (i.e., naturalness) with an increase in
speaking rate (Dagenais et al., 2006). These findings further support the suggestion that for
speakers with mild dysarthria, rate modification treatments may more significantly affect speech
naturalness than for speakers with moderate to severe dysarthria.
In addition to questions regarding how speech intelligibility and rate are related, a third
variable must also be considered, which is rate modification cueing modality. At present, it is not
entirely clear how different types of cueing methods affect speakers, partially because of the
wide variety of cueing modalities there are to choose from. For example, a rhythmic cueing
strategy could be carried out using auditory cues (such as a recorded series of beeps), visual cues
(rhythmic underlining of cues on a screen), or tactile cues (such as hand tapping). Because the
neural processes involved in reducing one’s speech rate remain generally unclear, research has
been unable to identify how specific cueing modalities play into the effectiveness of rate
modification techniques. Therefore, it is difficult to predict how particular rate modification
techniques may affect individual patients with disparate patterns of neurological damage. In
other words, it is unclear how specific types of cueing methods affect articulatory movements,
articulation rate, speech rate, and intelligibility.

10
To better understand how different types of cueing methods affect speech intelligibility,
one must more fully understand the articulatory movements that underlie the acoustics of speech.
Research has found that in speakers with dysarthria, articulation may differ from that of typical
speakers in the timing and extent of articulatory movements (Weismer et al., 2003). When
articulatory movements are distorted, the acoustic signal they help shape may also become
distorted, leading to speech that is less natural-sounding and often less intelligible. Many studies
aimed at better understanding how articulation is affected in dysarthria study the movements of
specific articulators, such as the upper and lower lip, and specific segments of the tongue
(Adams et al., 1993, Dromey & Ramig, 1998, Weismer et al., 2003). The kinematic measures
gathered in these studies often reflect both the extent and velocity of articulator movements and
are useful in calculating inter- and intrapersonal articulatory stability, and general articulatory
patterns for specific phonemes. By understanding both the movements of individual articulators
as well as inter-articulatory coordination, researchers are better able to understand why speakers
with dysarthria sound the way they do. In addition, understanding how speech kinematics change
in response to specific rate control treatments may lend further insight into possible reasons why
certain treatments are more or less successful for certain individuals.
Speakers with dysarthria very often experience a decrease in speech intelligibility related
to disrupted or abnormal motor coordination, strength or speed. As discussed, uncertainty still
remains regarding why certain types of rate control methods are successful for some individuals
with dysarthria and unsuccessful for others. Additionally, it remains unclear how specific types
of rate control cueing modalities affect speech rate, articulation rate, and speech naturalness. The
purpose of the present study is to examine the effects of various cueing modalities on articulatory
movements. Specifically, this study aims to understand how articulation patterns change when
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speakers are asked to increase and decrease their speaking rate by matching metered and
rhythmic audio stimuli, and by matching metered and rhythmic audiovisual stimuli. This study
seeks to answer the questions: How are the kinematic patterns of articulator movements affected
by specific rate control modalities? Do certain types of rate control cues produce more or less
stable articulatory patterns? How do articulatory patterns change in response to different cueing
modalities in neurotypical individuals? This study will seek to gather both stroke and STI
measures in an effort to answer these questions. As noted previously, the treatment conditions to
be used in this study were developed and are used for individuals with dysarthria. Thus, the
findings from this study of typical speech cannot be reasonably extrapolated to a dysarthric
population. However, in order to lead to an initial understanding of the effects of various rate
control cueing modalities on articulatory patterns, the current study seeks to investigate these
changes in neurotypical individuals. The findings from this study can then be used as a
foundation for future studies with individuals with dysarthria and can provide information
regarding the kinematic effect of rate control methods that is not currently available in relevant
literature. The findings may also contribute to theories about the underlying neural mechanisms
of speech articulation and associated changes in intelligibility.
Method
Participants
The study involved 12 native speakers of Standard American English with no history of
speech, language, or hearing disorders. Five women and seven men were recruited by word of
mouth. The data from two of the men could not be used because of intermittent technical
problems during the recordings. The mean age of female participants was 23 and the mean age of
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male participants was 27. Each participant signed a consent form approved by the Brigham
Young University Institutional Review Board.
Instrumentation
Each participant was seated in a single-walled sound booth and sat 30 cm from a
condenser microphone (AKG C2000B) (Vienna, Austria). A calibration tone was recorded in the
microphone channel to allow for subsequent software measurement of speech intensity in dB
SPL at 50 cm. The articulatory movements of each participant were recorded with an NDI Wave
electromagnetic articulograph (Northern Digital Inc. Waterloo, Ontario, Canada). Seven
channels of kinematic data were recorded. Two reference sensors were glued to eyeglass frames
without lenses and served as the origin of the coordinate system used to measure articulator
movements while corrected for head movement. Three mm sensor coils were attached at midline
to both the vermillion borders of the upper (UL) and lower lips (LL), to the tongue front (TF), to
the middle of the tongue (TM) and to the mandibular central incisors to measure jaw movement
(J). The sensor coils were attached using cyanoacrylate adhesive, and small squares of
Stomahesive in the case of the jaw sensor to protect the tooth enamel. The sensors tracked the x,
y, and z positions of the articulators, which were recorded on a computer located outside the
sound booth using the Wavefront system. The movement data were gathered at a rate of 100 Hz
and the audio signal was recorded at a sampling rate of 22,050 Hz.
Speech Stimuli
Articulatory movements were recorded as the participant spoke the four test sentences
(see Table 1). The list of sentences was spoken 10 times under each testing condition. The target
sentences were designed to elicit either bilabial or alveolar consonants (in the context of low
vowels), and also diphthongs or corner vowels. The focus of the present report is on the second
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sentence, ‘Don’t fight or pout over a toy car.’ For the test sentence, four audio and four
audiovisual recordings were created as models for the speakers to match: Metered Fast (MF),
Rhythmic Fast (RF), Metered Slow (MS), Rhythmic Slow (RS). These recordings were created
in a single-walled sound booth 30 cm from a condenser microphone (AKG C2000B) as one of
the experimenters spoke the sentence at a slow metered and rhythmic pace, and at a fast metered
and rhythmic pace while also being recorded by a webcam. For the metered recordings, the
experimenter spoke each word in each sentence with equal stress and duration on each syllable
by matching the pace of a metronome. For the rhythmic recordings the experimenter spoke each
sentence at the slow and fast rate with more naturalistic, unequal stress and duration for each
syllable, more closely mimicking a habitual speech rhythm. The fast and slow rate condition for
the rhythmic recordings were created by having the experimenter speak the sentences for half
and twice the duration of their habitual productions of the sentences. The experimenter practiced
producing the sentences under each condition before the model recordings were made.
Table 1
Sentence Stimuli and Phonetic Targets
Sentence

Phonetic Target

The blue spot is on the black key again. Corner vowels
Don’t fight or pout over a toy car.

Diphthongs

Buy a bag of big red apples.

Bilabials

It’s not a bad day today.

Alveolars

Procedure
Each participant produced the speech stimuli prior to the sensors being glued to the
articulators to allow acoustic recordings of typical speech. After the sensors were attached, the
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experimenter engaged the participant in conversation or had them read aloud for 10 minutes to
help them become familiar with the sensation of speaking with the sensors attached to the
articulators in order to minimize learning effects during data collection (Dromey et al., 2018). At
the end of the habituation period, a baseline recording of typical articulatory patterns was made
by instructing participants to read the speech stimuli using their habitual pitch, loudness,
and rate. Following the baseline measurement, participants were instructed to produce the
speech stimuli using both a fast and slow rate under the four speech rate cueing conditions,
resulting in eight total testing conditions (See Table 2). The order in which cueing conditions
were applied was randomized for each individual participant. Within each condition, the order of
the sentences was randomized. For the audio cueing condition, participants were instructed to
speak along with either an audio or an audiovisual recording of a model speaker producing the
speech stimuli.
Table 2
Testing Conditions and Related Acronyms
Condition

Acronym

Audio Metered Fast

AMF

Audio Metered Slow

AMS

Audio Rhythmic Fast

ARF

Audio Rhythmic Slow

ARS

Audiovisual Metered Fast

AVMF

Audiovisual Metered Slow

AVMS

Audiovisual Rhythmic Fast

AVRF

Audiovisual Rhythmic Slow

AVRS
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Kinematic Analysis
Segmentation
To obtain separate tokens to analyze for the dependent measures, the kinematic recording
obtained from each subject was first roughly segmented into ten individual utterances of the
target sentence, “Don’t fight or pout over a toy car” using a custom Matlab (Version 2019b)
application (See Figure 1). 10 utterances could not be obtained for subject M1 under the audio
rhythmic or audiovisual rhythmic slow conditions, for M6 under the typical condition, M7 under
the audiovisual metered fast and slow conditions, F4 under the audiovisual and audio rhythmic
fast conditions, and F5 under the audio metered fast due to intermittent equipment failure,
resulting in only nine utterances for the affected conditions. Only eight utterances could be
obtained for subject M7 under the audiovisual metered fast condition. Each roughly segmented
file was then finely segmented using a second custom Matlab (Version 2019b) application to
mark each utterance so that the final analysis file began at the tongue front upward vertical
velocity peak for the dipthong /a͡ɪ/ in the word “fight” and ended at the upward velocity peak for
the diphthong /o͡ɪ/ in the word “toy” (see Figure 2).
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Figure 1
Rough Segmentation of Kinematic Files

Acoustic Signal

Kinematic
Signal

Single Repetition of
Target Utterance
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Figure 2
Fine Segmentation of Kinematic Files

Acoustic Signal

Kinematic Signals
Velocity peak for /a͡ɪ/ in the
word “fight”

Velocity peak for /
o͡ɪ / in the word
“toy”

Stroke Metrics
A speed record was computed from the square root of the squared position changes in the
X and Y planes, resulting in the Euclidean distance from one sample to the next in the kinematic
recording. This position change in mm was multiplied by the sample rate (100 Hz) to yield a
speed in mm/s. Thus, it reflected the movement speed of each articulatory sensor without regard
to direction throughout the target sentence (Tasko & Westbury, 2002). The speed record
included alternating local minima and maxima as the movement of the articulators varied in
speed. An articulatory stroke was defined as the movement that took place for a single sensor
between two adjacent speed minima. Using the same segmented files that were used for the STI
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and duration analyses, the kinematic records were analyzed with a custom Matlab (Version
2019b) application to compute stroke count, onset speed (mm/s), peak speed (mms/s), hull area,
and lip aperture. The hull area reflected the area enclosed in the X-Y plane of all the movements
of a sensor throughout the target sentence. The lip aperture was the Euclidean distance between
the upper lip and lower lip sensors throughout the utterance.
Spatiotemporal Index and Duration
Ten tokens of the finely segmented target sentence were analyzed for duration and the
Spatiotemporal Index (STI), which is a measure of the variability of speech movements over
multiple sentence repetitions after time and amplitude normalization (Smith et al., 1995). STI
was computed for the vertical movements of the tongue front, jaw, and lower lip, plus the lip
aperture.
Statistical Analysis
A repeated measures ANOVA was conducted to test within-subject effects for the
differences in the dependent variables across the speaking rate conditions. Concurrent contrasts
that were part of the ANOVA computation examined differences between the baseline (typical)
speech condition and each of the slower or faster rate conditions. The data from female
participant F1 and from male participants M3 and M4 were not included in the statistical analysis
due to intermittent equipment failure resulting in corruption of the acoustic and kinematic files.
Additional data were collected from two additional male participants, M6 and M7, to allow for
adequate statistical power. The number of available data points for each subject varied across
conditions due to the intermittent nature of the equipment failure.
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Results
The focus of the present report was a comparison of articulation patterns in the habitual
condition to those in audio and audiovisual rate matching conditions. The articulators of
particular interest were the tongue front (TF), jaw (J), and lower lip (LL). Results of the stroke
measures and STI measures are reported separately. The descriptive statistics are reported in
Tables 3, 5, 7, and 9. The results of the repeated measures ANOVA contrast analyses are
reported in Tables 4, 6, 8, and 10. Figures 3, 4, and 5 are an illustrative example of the changes
seen in stroke count, peak speed, and hull area and were generated using values from the
movement of the articulators in the typical, audio metered fast and audio metered slow
conditions. Generally, the same patterns were seen in other cueing conditions not plotted in the
figures.
Stroke Measures
Stroke Count
The repeated measures ANOVA revealed a significant main effect of rate for stroke
count across the typical and the fast speech conditions for the tongue front, F[4,24] = 28.893, p <
.001, ES = .828, jaw, F[4,24] = 16.736, p < .001, ES = .736, and lower lip, F[4,24] = 17.295, p <
.001, ES = .742. Concurrent contrast analyses revealed that for all fast conditions with the
exception of the audio metered fast condition for the lower lip, stroke counts decreased
significantly under each of the fast speech rate matching conditions (See Tables 3, 4 and Figure
3).
There was also a main effect of rate for stroke count across the typical and slow speech
conditions rate conditions for tongue front, F[4,28] = 175.149, p < .001, ES = .962, jaw,
F[1.942,13.594] = 126.752, p < .001, ES = .948, and lower lip, F[4,28] = 171.325, p < .001, ES

20
= .961. For the slow speech rate conditions, stroke count increased significantly for the tongue
front, jaw and lower lip under each of the slow speech rate matching conditions (See Tables 5
and 6).
Onset Speed
There was a main effect of rate for onset speed across the typical and fast speech rate
conditions for the lower lip, F[4,24] = 5.674, p = .002, ES = .486. For the fast speech rate
conditions, onset speeds did not change significantly when compared to the typical condition for
the tongue front and jaw. However, for the lower lip, onset speed increased significantly under
all fast conditions with the exception of the audio rhythmic fast condition (See Tables 3 and 4).
There was also a main effect of rate for onset speed across the typical and slow
conditions for the tongue front, F[1.943,13.604] = 19.713, p < .001, ES = .738. For the slow
speech rate conditions, onset speeds decreased significantly only for the tongue front under all
speech rate conditions (See Tables 5 and 6). Onset speed did not change significantly for the jaw
or lower lip.
Peak Speed
There was a main effect of rate for peak speed across the typical and fast speech rate
conditions for the jaw F[4,24] = 5.688, p = .002, ES = .487, and for the lower lip, F[4,24] =
12.532, p < .001, E = .676. For the fast speech rate conditions, peak speed increased significantly
for the jaw under the audio and audiovisual metered conditions, as well as the audiovisual
rhythmic condition, but not under the audio rhythmic condition. Peak speed also increased
significantly for the lower lip under all speech rate conditions. Peak speed did not change
significantly under the fast speech rate conditions for the tongue front (See tables 3 and 4).
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There was also a main effect of rate for peak speed across the typical and slow speech
rate conditions for the tongue front, F[1.292,9.042] = 19.564, p = .001, E = .736, and the lower
lip, F[1.658,11.606] = 27.214, p < .001, ES = .795. For the slow speech rate conditions, peak
speed decreased significantly for the tongue front and lower lip, but not for the jaw, under all
speech rate conditions (See Tables 5 and 6).
Hull Area
For the fast rate conditions there were no significant changes in hull area for any of the
articulators. There was a main effect of rate for hull area across the typical and slow speech rate
conditions for the tongue front, F[4,28] = 11.165, p < .001, ES = .615. For the slow speech rate
conditions, hull area increased significantly for the tongue front under all speech rate conditions
but did not change significantly for the jaw or lower lip (See Tables 5 and 6).
Utterance Duration
The repeated measures ANOVA revealed a significant difference in utterance duration
across conditions. There was a main effect of rate for utterance duration across the typical and
fast speech rate conditions, F[1.192,7.152] = 19.940, p = .002, ES = .769. There was also a main
effect of rate for utterance duration across the typical and slow conditions, F[1.396,9.770] =
1524.829, p < .001, ES = .996. Under all of the fast conditions, utterance duration decreased
significantly, and under all the slow conditions, utterance duration increased significantly.
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Table 3
Means and Standard Deviations of the Stroke Measures for the Typical and Fast Speech
Conditions
Measure
Stroke
Count

Articulator
TF

J

LL

Onset
Speed

TF

J

LL

Peak
Speed

TF

J

Condition
T
AMF
AVMF
ARF
AVRF
T
AMF
AVMF
ARF
AVRF
T
AMF
AVMF
ARF
AVRF

Mean
13.2
8.3
8.7
8.6
9.0
13.2
8.6
8.9
8.8
9.1
14.3
9.3
9.5
9.5
9.6

Standard Deviation
1.9
0.5
0.8
1.0
0.9
2.3
1.3
1.7
1.3
1.2
2.7
0.5
1.3
1.1
0.8

N
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7

T
AMF
AVMF
ARF
AVRF
T
AMF
AVMF
ARF
AVRF
T
AMF
AVMF
ARF
AVRF

33.8
36.3
34.6
38.2
37.9
7.2
7.4
8.6
8.2
8.3
10.9
13.9
15.5
14.2
14.2

9.4
9.2
9.7
12.8
11.7
1.9
1.7
2.0
3.0
2.3
2.3
1.4
2.4
3.5
3.0

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7

T
AMF
AVMF
ARF
AVRF
T
AMF
AVMF

144.6
162.6
162.4
175.8
149.8
45.4
55.5
55.8

46.2
43.7
53.5
53.4
40.0
9.4
9.2
8.0

7
7
7
7
7
7
7
7
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Measure

Articulator
LL

Hull Area

TF

J

LL

Utterance
Duration

Condition
ARF
AVRF
T
AMF
AVMF
ARF
AVRF

Mean
53.9
56.0
69.4
89.6
92.0
94.2
93.4

Standard Deviation
9.9
9.1
10.5
11.2
4.1
9.6
8.4

N
7
7
7
7
7
7
7

T
AMF
AVMF
ARF
AVRF
T
AMF
AVMF
ARF
AVRF
T
AMF
AVMF
ARF
AVRF

221.0
168.7
170.0
177.2
165.8
23.3
17.7
22.8
19.3
23.1
43.7
32.3
40.9
34.7
42.0

92.6
46.8
37.3
48.4
37.5
7.1
6.4
6.7
6.6
6.4
10.1
9.9
12.2
8.5
14.2

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7

T
AMF
AVMF
ARF
AVRF

1551.7
1119.5
1183.7
1122.3
1201.2

232.0
18.6
43.0
34.8
42.7

7
7
7
7
7

Note. TF = tongue front, J = jaw, LL = lower lip, T = typical, AMF = audio metered fast, AVMF
= audiovisual metered fast, ARF = audio rhythmic fast, AVRF = audiovisual rhythmic fast.
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Table 4
Repeated Measures ANOVA Concurrent Contrast Results for the Stroke Measures in the Fast
Speech Conditions Versus Typical Speech Rate
Measure

Articulator

Condition

Stroke Count

TF

Audio Metered
Audiovis Metered
Audio Rhythmic
Audiovis Rhythmic
Audio Metered
Audiovis Metered
Audio Rhythmic
Audiovis Rhythmic
Audiovis Metered
Audio Rhythmic
Audiovis Rhythmic
Audio Metered

51.539
29.854
35.502
52.445
23.868
14.058
25.101
13.990
17.331
23.164
19.099
3.941

<.001
.002
.001
<.001
.003
.010
.002
.010
.006
.003
.005
.094

Partial Eta
Squared
.896
.833
.855
.897
.799
.701
.807
.700
.743
.794
.761
.396

Audio Metered
Audiovis Metered
Audio Rhythmic
Audiovis Rhythmic
Audio Metered
Audiovis Metered
Audio Rhythmic
Audiovis Rhythmic
Audio Metered
Audiovis Metered
Audio Rhythmic
Audiovis Rhythmic
Audio Metered

1.504
.252
2.748
5.041
.132
4.115
.675
4.443
9.367
14.051
4.786
11.537
9.367

.266
.633
.148
.066
.729
.089
.443
.080
.022
.010
.071
.015
.022

.200
.040
.314
.457
.022
.407
.101
.425
.610
.701
.444
.658
.610

Audio Metered
Audiovis Metered
Audio Rhythmic
Audiovis Rhythmic
Audio Metered
Audiovis Metered
Audio Rhythmic
Audiovis Rhythmic
Audio Metered
Audiovis Metered
Audio Rhythmic
Audiovis Rhythmic

3.312
2.563
4.390
.331
11.104
14.174
3.425
19.277
21.903
38.781
22.869
27.771

.119
.160
.081
.586
.016
.009
.114
.005
.003
.001
.003
.002

.356
.299
.423
.052
.649
.703
.363
.763
.785
.866
.792
.822

J

LL

Onset Speed

TF

J

LL

Peak Speed

TF

J

LL

F

Sig.
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F

Sig.

Audio Metered
Audiovis Metered
Audio Rhythmic
Audiovis Rhythmic

3.857
3.006
2.524
3.531

.097
.134
.163
.109

Partial Eta
Squared
.391
.334
.296
.370

J

Audio Metered
Audiovis Metered
Audio Rhythmic
Audiovis Rhythmic

5.325
.015
2.183
.039

.060
.907
.190
.851

.470
.002
.267
.006

LL

Audio Metered
Audiovis Metered
Audio Rhythmic
Audiovis Rhythmic

20.094
.258
10.744
.403

.004
.630
.017
.549

.770
.041
.642
.063

Audio Metered
Audiovis Metered
Audio Rhythmic
Audiovis Rhythmic

22.264
18.838
25.276
15.033

.003
.005
.002
.008

.788
.758
.808
.715

Measure

Articulator

Condition

Hull Area

TF

Utterance
Duration

Notes. TF = tongue front, J = jaw, LL = lower lip, audiovis = audiovisual.
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Table 5
Means and Standard Deviations of the Stroke Measures for the Typical and Slow Speech
Conditions
Measure
Stroke
Count

Articulator
TF

J

LL

Onset
Speed

TF

J

LL

Peak
Speed

TF

J

Condition
T
AMS
AVMS
ARS
AVRS
T
AMS
AVMS
ARS
AVRS
T
AMS
AVMS
ARS
AVRS

Mean
13.1
32.4
33.1
32.2
32.2
12.9
34.0
35.3
33.3
34.1
13.8
37.8
37.5
37.9
37.4

Standard Deviation
1.8
1.4
2.8
2.9
2.7
2.3
3.6
5.2
2.8
4.3
2.8
2.9
4.7
3.6
3.4

N
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8

T
AMS
AVMS
ARS
AVRS
T
AMS
AVMS
ARS
AVRS
T
AMS
AVMS
ARS
AVRS

33.0
22.1
21.9
20.6
20.5
7.0
8.2
8.4
7.5
7.7
10.5
9.1
8.4
8.9
9.4

9.0
3.6
4.4
3.3
4.0
1.8
2.0
3.4
1.6
1.3
2.5
2.4
1.6
1.0
0.8

8
8
8
8
8
8
8
8
8
8
8
8
8
8
8

T
AMS
AVMS
ARS
AVRS
T
AMS
AVMS

136.3
71.0
74.0
78.9
71.3
43.3
33.0
37.7

48.8
11.8
13.5
17.3
14.1
10.5
4.8
12.7

8
8
8
8
8
8
8
8
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Measure

Articulator
LL

Hull Area

TF

J

LL

Utterance
Duration

Condition
ARS
AVRS
T
AMS
AVMS
ARS
AVRS

Mean
33.3
35.0
67.5
39.1
39.7
39.6
42.1

Standard Deviation
6.9
5.8
11.1
5.7
6.8
4.4
3.8

N
8
8
8
8
8
8
8

T
AMS
AVMS
ARS
AVRS
T
AMS
AVMS
ARS
AVRS
T
AMS
AVMS
ARS
AVRS

206.7
313.5
297.4
301.1
301.7
22.9
75.6
123.4
58.7
56.1
42.4
100.4
84.1
84.8
81.6

94.9
71.2
96.7
98.2
100.9
6.7
46.5
181.5
17.4
21.3
10.1
60.0
25.8
12.5
17.9

8
8
8
8
8
8
8
8
8
8
8
8
8
8
8

T
AMS
AVMS
ARS
AVRS

1558.2
4850.8
4881.4
4832.2
4913.2

215.6
64.6
52.0
80.4
55.7

8
8
8
8
8

Notes. TF = tongue front, J = jaw, LL = lower lip, T = typical, AMF = audio metered fast,
AVMF = audiovisual metered fast, ARF = audio rhythmic fast, AVRF = audiovisual rhythmic
fast.
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Table 6
Repeated Measures ANOVA Concurrent Contrast Results for the Stroke Measures in the Slow
Speech Conditions Versus Typical Speech Rate
Measure
Stroke Count

Articulator
TF

J

LL

Onset Speed

TF

J

LL

Peak Speed

TF

J

Condition
Audio Metered
Audiovis Metered
Audio Rhythmic
Audiovis
Rhythmic
Audio Metered
Audiovis Metered
Audio Rhythmic
Audiovis
Rhythmic
Audio Metered
Audiovis Metered
Audio Rhythmic
Audiovis
Rhythmic
Audio Metered
Audiovis Metered
Audio Rhythmic
Audiovis
Rhythmic
Audio Metered
Audiovis Metered
Audio Rhythmic
Audiovis
Rhythmic
Audio Metered
Audiovis Metered
Audio Rhythmic
Audiovis
Rhythmic
Audio Metered
Audiovis Metered
Audio Rhythmic
Audiovis
Rhythmic
Audio Metered
Audiovis Metered
Audio Rhythmic

Sig.

Partial Eta
Squared

401.694
345.694
251.665
226.539

<.001
<.001
<.001
<.001

.983
.980
.973
.970

177.399
123.977
310.548
181.157

<.001
<.001
<.001
<.001

.962
.947
.978
.963

355.527
264.442
342.104
395.539

<.001
<.001
<.001
<.001

.981
.974
.980
.983

18.440
27.449
22.125
32.112

.004
.001
.002
.001

.725
.797
.760
.821

1.306
1.254
.795
2.155

.291
.300
.402
.186

.157
.152
.102
.235

.944
4.217
3.770
1.312

.364
.079
.093
.290

.119
.376
.350
.158

23.973
20.159
16.206
23.702

.002
.003
.005
.002

.774
.742
.698
.772

7.722
.906
10.581

.027
.373
.014

.525
.115
.602

F
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Measure

Articulator

LL

Hull Area

TF

J

LL

Utterance
Duration

Condition
Audiovis
Rhythmic
Audio Metered
Audiovis Metered
Audio Rhythmic
Audiovis
Rhythmic
Audio Metered
Audiovis Metered
Audio Rhythmic
Audiovis
Rhythmic
Audio Metered
Audiovis Metered
Audio Rhythmic
Audiovis
Rhythmic
Audio Metered
Audiovis Metered
Audio Rhythmic
Audiovis
Rhythmic
Audio Metered
Audiovis Metered
Audio Rhythmic
Audiovis
Rhythmic

F

Sig.

Partial Eta
Squared

11.355

.012

.619

28.544
27.483
45.653
37.982

.001
.001
<.001
<.001

.803
.797
.867
.844

31.601
30.069
23.578
20.722

.001
.001
.002
.003

.819
.811
.771
.747

9.634
2.423
66.282
29.071

.017
.163
<.001
.001

.579
.257
.904
.806

6.497
26.317
149.747
92.239

.038
.001
<.001
<.001

.481
.790
.955
.929

1467.661
1819.954
2007.829
1609.145

<.001
<.001
<.001
<.001

.995
.996
.997
.996

Notes. TF = tongue front, J = jaw, LL = lower lip, audiovis = audiovisual.
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Figure 3

Stroke Count

Means and Standard Deviations of Stroke Count in the Audio Metered Fast and Slow Conditions
Versus the Typical Condition
45
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TF
Typical

J
Audio Metered Fast

LL
Audio Metered Slow

Notes. TF = tongue front, J = jaw, LL = lower lip

Figure 4
Means and Standard Deviations of Peak Speed in the Audio Metered Fast and Slow Conditions
Versus the Typical Condition
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Peak Speed (mm/s)

200
150
100
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0

TF
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J
Audio Metered Fast

Note. TF = tongue front, J = jaw, LL = lower lip

LL
Audio Metered Slow
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Figure 5
Means and Standard Deviations of Hull Area in the Audio Metered Fast and Slow Conditions
Versus the Typical Condition
450
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Hull Area (mm2)
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J
Audio Metered Fast

LL
Audio Metered Slow

Note. TF = tongue front, J = jaw, LL = lower lip
Spatiotemporal Index Measures
The repeated measures ANOVA revealed significant differences in STI measures for the
jaw (J). There was a main effect of rate for STI measure across the typical and fast speech rate
conditions for the jaw, F[4,24] = 3.287, p = .028, ES = .352. STI measures decreased
significantly for the jaw only under the audio rhythmic fast condition. For the slow speech rate
conditions, STI measures did not change significantly for any articulators. The ANOVA did not
reveal any significant differences in lip aperture STI for either the fast or slow conditions.
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Table 7
Means and Standard Deviations of the STI for the Typical and Fast Speech Conditions
Measure
STI

Articulator
TF

J

LL

Lip
Aperture

Condition
T
AMS
AVMS
ARS
AVRS
T
AMS
AVMS
ARS
AVRS
T
AMS
AVMS
ARS
AVRS

Mean
28.3
20.5
21.3
20.6
20.8
28.2
20.5
21.6
19.5
22.2
28.4
22.9
21.8
21.8
23.6

Standard Deviation
7.7
6.1
6.8
5.4
8.5
4.4
6.2
7.2
5.5
8.6
5.7
4.9
6.1
5.3
6.9

N
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7

T
AMS
AVMS
ARS
AVRS

28.5
24.8
22.0
23.9
24.6

7.3
4.7
6.0
5.8
7.0

7
7
7
7
7

Notes. TF = tongue front, J = jaw, LL = lower lip, T = typical, AMF = audio metered fast,
AVMF = audiovisual metered fast, ARF = audio rhythmic fast, AVRF = audiovisual rhythmic
fast.
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Table 8
Repeated Measures ANOVA Concurrent Contrast Results for the STI Measures in the Fast
Speech Conditions Versus Typical Speech Rate
Measure

Articulator

STI

TF

J

LL

Lip
Aperture

Condition

F

Sig.

Partial Eta Squared

Audio Metered
Audiovis Metered
Audio Rhythmic
Audiovis Rhythmic
Audio Metered
Audiovis Metered
Audio Rhythmic
Audiovis Rhythmic
Audio Metered
Audiovis Metered
Audio Rhythmic
Audiovis Rhythmic

3.838
3.247
6.101
5.229
5.039
4.223
9.276
3.146
2.316
5.905
4.572
3.077

.098
.122
.048
.062
.066
.086
.023
.126
.179
.051
.076
.130

.390
.351
.504
.466
.456
.413
.607
.344
.279
.496
.432
.339

Audio Metered
Audiovis Metered
Audio Rhythmic
Audiovis Rhythmic

.765
3.577
1.831
1.275

.415
.107
.225
.302

.113
.374
.234
.175

Notes. TF = tongue front, J = jaw, LL = lower lip, audiovis = audiovisual.
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Table 9
Means and Standard Deviations of the STI for the Typical and Slow Speech Conditions
Measure
STI

Articulator
TF

J

LL

Lip
Aperture

Condition
T
AMS
AVMS
ARS
AVRS
T
AMS
AVMS
ARS
AVRS
T
AMS
AVMS
ARS
AVRS

Mean
27.3
25.1
23.1
25.7
24.2
27.8
32.6
29.8
31.0
30.5
27.4
31.3
27.8
30.4
29.5

Standard Deviation
7.7
6.3
4.3
5.7
4.8
4.3
5.7
6.1
6.5
4.9
6.1
5.5
5.1
5.8
3.4

N
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8

T
AMS
AVMS
ARS
AVRS

26.9
25.0
23.9
28.2
26.5

8.2
3.4
2.5
6.1
3.5

8
8
8
8
8

Notes. TF = tongue front, J = jaw, LL = lower lip, T = typical, AMF = audio metered fast,
AVMF = audiovisual metered fast, ARF = audio rhythmic fast, AVRF = audiovisual rhythmic
fast.
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Table 10
Repeated Measures ANOVA Concurrent Contrast Results for the STI Measures in the Slow
Speech Conditions Versus Typical Speech Rate
Measure

Articulator

STI

TF

J

LL

Lip
Aperture

F

Sig.

Partial Eta
Squared

Audio Metered
Audiovis Metered
Audio Rhythmic
Audiovis Rhythmic
Audio Metered
Audiovis Metered
Audio Rhythmic
Audiovis Rhythmic
Audio Metered
Audiovis Metered
Audio Rhythmic
Audiovis Rhythmic

.329
1.030
.182
.801
2.708
.341
.980
.840
1.399
.014
.885
.582

.584
.344
.683
.401
.144
.578
.355
.390
.275
.910
.378
.471

.045
.128
.025
.103
.279
.046
.123
.107
.167
.002
.112
.077

Audio Metered
Audiovis Metered
Audio Rhythmic
Audiovis Rhythmic

.406
.891
.149
.023

.544
.377
.711
.884

.055
.113
.021
.003

Condition

Notes. TF = tongue front, J = jaw, LL = lower lip, audiovis = audiovisual.
Discussion
The purpose of this study was to examine the effects of different speech rate cueing
modalities on articulatory movements. The focus was on articulatory patterns, including
articulatory stroke counts and speeds, articulatory hull area and STI measures, and how these
changed when speakers were cued to increase or decrease their speaking rate by matching audio,
audiovisual, metered, and rhythmic cues.
Articulatory Patterns
Stroke Count
There were significant changes in stroke count measures for both the slow and fast
conditions in the tongue front, jaw and lower lip compared to the typical speaking condition. A
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study by Adams et al., (1993), which examined the velocity patterns of the tongue in response to
increased and decreased speaking rates, showed that tongue movements in a target sentence
spoken at an increased rate were characterized by one large velocity peak. Movements in a
sentence spoken at a decreased speech rate were characterized by multiple, unequal velocity
peaks (Adams et al., 1993). As stroke count is an indirect representation of the number of
velocity peaks in a segmented utterance, it is then logical to reason that stroke count would
increase at slower rates and decrease at faster rates. Therefore, while the rate reduction
techniques in the Adams et al. (1993) study differ from the techniques used in this study, the
findings of both studies are consistent, in that the stroke counts increased significantly for all
articulators under all slow conditions and decreased significantly for the jaw and tongue front
under all fast conditions and for the lower lip under all but one fast condition. The reason for the
change in stroke counts may be due to alterations made in the articulatory motor program. For
example, it may be that to reduce rate, more closely monitored feedback results in an articulatory
stroke being broken up into multiple separate strokes rather than smoothly extended or slowed.
On the other hand, it may be that to increase rate, articulators do not carry out pre-planned
articulation patterns as fully as in the typical condition, resulting in separate strokes being
combined into a single, simpler movement.
Peak and Onset Speed
In addition to stroke counts, the current study analyzed stroke peak speed, onset speed,
and the utterance hull area. The onset speed, or the speed at which an articulator was moving at
the start of a stroke (i.e., the speed minimum), increased significantly for the lower lip under all
but one fast condition and decreased for the tongue front in all slow conditions. Peak speed, or
speed at which an articulator was moving at the point of greatest speed, (i.e., the speed
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maximum) in an articulatory stroke, increased significantly for the lower lip under all fast
conditions, and the jaw under all but one fast condition. These findings are consistent with the a
priori expectation that as speech rate increased or decreased, so too would articulation rate and
the overall velocity of individual articulation strokes. In other words, it is logical to assume that
as the articulators move more quickly or more slowly to produce faster or slower speech, both
speed minima and maxima would be faster or slower, respectively, than those seen in a typical
speaking rate.
However, it is important to note that the changes in onset speed were not consistent
across articulators and that the onset speed of the jaw movements was not significantly affected
under any condition. While the reason behind this is unclear, it appears that the individual
articulators respond differently to a rate increase or reduction. This may be due to a difference in
mass and agility. For example, in comparison to the tongue front and lower lip, the jaw is greater
in mass and therefore perhaps not as agile. The onset speed of the jaw’s movements did not
change significantly, but the peak speed of the jaw increased under most of the fast-speaking
conditions. It may be that because of its mass, the jaw is not as agile in adjusting its velocity
between strokes. The jaw may not be able to increase its minimum velocity significantly beyond
typical bounds because changes in speed and direction, reflected in each individual stroke,
require more effort for a relatively more massive structure. This increased effort may then be
reflected in onset speeds that do not change significantly in response to rate modification.
As noted previously, changes in stroke count were consistent across the articulators,
generally increasing under slow conditions and decreasing under fast conditions. While the onset
speed for the movements of the jaw did not change significantly, it is important to note that the
number of articulatory strokes it made increased and decreased depending on speech rate. This
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may indicate that although the jaw is relatively more massive and may not be as able to increase
the speed with which it initiates movements, its movements are still affected by speech rate. In
other words, the jaw may respond to changes in speech rate mainly with an increase in
articulatory strokes more than an increase in articulation speed.
The reasons why the tongue front and lower lip did not both experience similar
significant changes in onset and peak speed are unclear, but it may be that certain articulators
make smaller or larger adjustments depending on whether a speaker is increasing or decreasing
their speaking rate. For example, only the lower lip experienced a significant increase in peak
speed under the fast-speaking conditions. It may be that in the case of the target sentence
analyzed for this study, the motor program directing the tongue front, jaw and lower lip
compensated for the increase in speech rate, and possibly a reduction in the extent to which the
articulators obtained their most effective positions, by significantly increasing the onset speed of
the lower lip. Another possible explanation might be the relationship between the lower lip and
the jaw. Peak speed increased for both under fast-speaking conditions, and this may be because
the movement of the lower lip is closely tied to the movement of the jaw.
Hull Area
The current study found that there was a significant increase in hull area for the tongue
front under all slow conditions. In a study by Turner et al. (1995), it was found that vowel space
area increased at decreased speaking rates. While this study examined hull area rather than vowel
space area, the measurements are similar, and the findings of this study are consistent with an
increase in articulatory space with decreased speaking rates. While this study did not investigate
the effects of speaking rate on speech intelligibility, the findings from this study and from the
Turner et al. (1995) study support the idea that reducing one’s speaking rate allows the
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articulators more time to fully reach the most effective positions, allowing for a possible increase
in speech intelligibility. Interestingly, the increase in hull area was not consistently seen in all
three articulators. As discussed previously, a difference in mass and agility between the
articulators, may have an effect on their movements and the adjustments made in response to rate
modification. It may be, that only the tongue front experienced a significant increase in hull area
due to the increased agility the tongue front possesses relative to the agility of the lower lip and
jaw. In contrast, this study found there were not any significant changes in hull area for any
articulators when speaking rate was increased. While the reason for this is unclear, perhaps hull
area did not decrease significantly under any fast conditions because in order to preserve speech
intelligibility articulatory movements cannot decrease in scale beyond a certain point. This idea
would be consistent with the increased peak and onset speeds seen with increase speaking rates.
Perhaps in order to allow for an increase in rate without a decrease in speech intelligibility,
articulatory movements must increase in speed rather than decrease in movement size.
Utterance Duration
In addition to the changes seen in stroke counts, speed, and hull area, it was found that
utterance duration significantly increased under all slow conditions and decreased under all fast
conditions. This finding is consistent with the expectation that a reduction in speech rate will
increase the amount of time it takes to produce a target utterance and vice versa for increased
rates. This measure was made to ensure that the speakers had indeed adjusted their speaking rate
as instructed.
Spatiotemporal Index
Previous studies examining STI in patients with dysarthria have shown that often,
articulatory patterns become less consistent when speakers are asked to reduce their rate (Smith
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et al., 1995). However, the results of the present study are mostly in contrast with this; even as
stroke counts, peak speeds, onset speeds and hull areas changed significantly, STI measures
changed significantly for only one articulator, jaw, where they decreased significantly under the
Audio Rhythmic Fast (ARF) condition. These contrasting results may be due to a difference in
rate cueing techniques used in each study, as the Smith et al. (1995) used rate magnitude
estimation cueing strategies, and the current study used audio and audiovisual matching
strategies. Therefore, it may be that changes in STI are more directly impacted by rate cueing
modality than by speech rate per se. Additionally, as noted previously, utterance duration
significantly decreased under all fast conditions and significantly increased under all slow
conditions. This finding not only indicates that speakers were very effective in increasing or
decreasing their speaking rate, but that they were also very effective in matching the cues
provided. This ability to consistently match the given cues may be one of the reasons for the low
STI measures observed, which is consistent with the idea that variability in speech movements
may be more directly impacted by cueing modality than by speech rate per se.
Cueing Modality
This study found that both metered and rhythmic cueing strategies had generally the same
effect on the dependent variables. These findings are not consistent with previous studies as
some accounts have reported increases in intelligibility when metered cueing strategies were
used, while others reported the same sort of gains in intelligibility with rhythmic cueing
strategies (Ouellette, 2015; Yorkston et al., 1990). One of the questions surrounding rate control
methods is why certain rate control techniques increase intelligibility in some speakers and not in
others. Because the current study included only typical speakers, intelligibility measures were
not made. However, previous studies have suggested that more stable STIs could result in

41
increased intelligibility (Kuruvilla-Dugdale & Mefferd, 2017). It could be reasoned that the low
STI measures computed in this study are comparable to higher intelligibility measures gathered
in others. Therefore, the lack of difference in STI measures between the rhythmic and metered
conditions may be interpreted as consistently intelligible speech across both cueing types. This
then leads to the idea that an increase or decrease in intelligibility in typical speakers may not be
directly related to whether a metered or rhythmic cue is used. It could be argued that rhythmic
strategies do not offer the same kind of predictability as a metered cue, and more closely mimic
the natural prosody and irregular stress patterns of typical speech. Therefore, it might have been
expected that a metered cue strategy utilizing a consistent, evenly spaced cue would result in
lower STI measures than a rhythmic strategy. Conversely, it might have been expected that
because rhythmic strategies utilize a more natural prosodic pattern, they provide a cue more
closely matching a speaker’s typical speech and therefore may be easier to follow, resulting in
low STI measures. However, as noted previously, the findings of this study were not consistent
with either of these expectations.
The second independent variable analyzed in this study was cue modality (i.e., audio
versus audiovisual). The results demonstrated that both audio and audiovisual cues had generally
the same effect on the dependent variables and did not significantly affect STI. While little
previous research exists examining the effects of cueing modality on speech movements
specifically, it might have been expected that an audiovisual cue would have resulted in lower
STI scores due to the provision of both visual and auditory cues. Because the results of this study
are not consistent with that hypothesis, it may be reasoned that perhaps it was the matching
strategy of the cue, rather than the modality, that more directly led to the stable STI
measurements. The matching modality required speakers to imitate either an audiovisual or
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auditory cue. While the neurological basis for the imitation of visible articulatory movements is
not clearly understood, research has suggested that mirror neurons (which are located in the
motor cortex and fire when a motor action is being observed) may play a crucial role in motor
imitation and learning (Kilner & Lemon, 2013). This study did not measure or analyze neural
function, but it may be that use of visual matching modalities recruits mirror neurons which may
lead to more stable STI measures and more consistent motor performance. It might be
anticipated that an audiovisual matching condition would be more effective in producing lower
STI values due to the provision of both visual and auditory stimuli. This might lead to an
increased recruitment of mirror neurons as opposed to an auditory-only matching cue. Further
research, particularly with disordered speakers, is necessary to increase our understanding of this
concept.
Limitations of the Current Study and Directions for Future Research
The current study involved 10 participants ranging in age from their early 20s to their
30s. Future studies could increase the sample size and include a wider age range, particularly
individuals in their 60s and 70s, as people in this age range are more prone to strokes. Because
strokes can often result in dysarthria, it may be helpful to have a clearer understanding of
neurotypical articulatory function in individuals age-matched with a larger population of
individuals with dysarthria. Importantly, this study involved only neurotypical individuals with
no history of brain injury, speech or language impairment, and was designed to gain information
about the typical speech system. Future studies could involve speakers with dysarthria and
therefore continue to build on our understanding of how the typical system changes and is
affected by dysarthria with the goal of more effectively treating the disorder.
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Another limitation of this study was the nature of the speech stimuli. The metered speech
stimuli were created by a speaker matching a metronome, but the rhythmic conditions were
produced by a speaker speaking a sentence to match twice and half the duration of a typical
utterance for the same speaker while attempting to maintain natural prosody. Because the speech
stimuli were not generated using a computer program, natural human inconsistency existed in the
recorded stimuli. However, this study sought to analyze how matching a typical speaker affected
articulatory patterns, so a human model seemed the most appropriate. Future studies could utilize
computer software or other resources to create more consistent cueing stimuli.
Conclusion
This study demonstrated that in neurotypical individuals, articulatory patterns including
stroke count, onset speed, peak speed and hull area changed significantly in faster or slower
speech. Additionally, the results revealed that both metered and rhythmic cues and both audio
and audiovisual cues are effective in decreasing and increasing speaking rate without
significantly impacting the STI of articulatory movements. Therefore, it may be the matching
nature of a cues rather than the type or modality that most significantly impacts speech
kinematics. Future work with speakers with disorders is needed to better understand the potential
implications for intelligibility.
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APPENDIX A
Annotated Bibliography
Adams, S. G., Weismer, G., & Kent, R. D. (1993). Speaking Rate and Speech Movement
Velocity Profiles. Journal of Speech, Language, and Hearing Research, 36(1), 41-54.
https://doi.org/10.1044/jshr.3601.41
Objective: The purpose of this study was to determine the effects of speaking rate
on the shape of speech movement velocity profiles across a wide range of speaking rates.
Method: This study included four neurotypical participants between the ages of 19
and 35; one woman and four men. Each participant spoked the phrase, “tap a tad above”,
ten times at five different speaking rates. Participants were told to adjust their speech rate
in comparison to their habitual rate, which was assigned a value of 10. Participants were
asked to adjust their rate to a value of 40, 20, 10, 5, and 2.5, resulting in five speaking
rates. Participants practiced producing speech at these rates for 10 minutes, then produced
the target sentence while maintaining a constant level of loudness. 10 radiodense markers
were placed on the speaker’s orofacial structures, including the tongue blade, dorsum and
tip, the upper and lower lips, and the central maxillary incisor, maxillary molar, central
mandibular incisor, mandibular molar and bridge of the nose, allowing for twodimensional tracking of articulatory movements. Acoustic measurements of participants'
speech were also gathered.
Results: The average increase in speaker rate was 57% and the average decrease
in rate was 70%. In general, the duration of movements, particularly the opening and
closing of the lips and the movement of the tongue tip increased as speaking rate
decreased. However, generally, the duration of tongue tip movements were longer than
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the duration of lip movements, and there was a wider range of tongue tip movement
duration than lip movement duration. The movements of the tongue tip in particular were
analyzed, showing that tongue movements under an increased rate were characterized by
one large velocity peak, while those under a decreased speech rate were characterized by
multiple, unequal velocity peaks.
Conclusions: It may be that duration and velocity of articulatory movements are
related to the syllable and stress pattern of spoken words and sentences. It may also be
that inconsistent movement patterns associated with slowed speaking rates may be a
result of the motor system attempting to adjust an established motor plan to fit an
extended articulatory duration by making multiple corrections in response to sensory
feedback.
Blanchet, P. (2006). Treating Fluency and Speech Rate Disorders in Individuals with Parkinson’s
Disease: The Use of Delayed Auditory Feedback (DAF). The Journal of Stuttering
Therapy, Advocacy and Research, 1(1), 79-89.
Objective: The purpose of this article is to discuss the clinical applications of
delayed auditory feedback (DAF) in treating speech rate and fluency disorders in
speakers with Parkinson’s disease.
Summary: Parkinson’s disease very often results in speech deficits, including
increased rate of speech, stuttering, and impaired prosody. Many individuals with
Parkinson’s disease present with hypokinetic dysarthria, which is often characterized by
rapid speech. Therefore, many speakers with hypokinetic dysarthria benefit from speech
rate control interventions as they improve intelligibility by allowing articulators enough
time to achieve their target positions more completely. Commonly used rate control
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methods fall into two groups: rigid (such as pacing and alphabet boards), and those
allowing greater speech naturalness (such as rhythmic cueing). Rigid rate control
methods are often less expensive and require less training, but may be cosmetically
unattractive, difficult to use depending on an individual’s manual dexterity, and often
disrupt prosody. Less rigid techniques that allow greater speech naturalness often require
more training and a greater degree of cognitive effort. One of these less rigid techniques
is delayed auditory feedback (DAF). DAF involves delaying the auditory feedback of an
individual’s speech, which forces them to prolong words and syllables until what they are
hearing “catches up” to what they are saying. Ideally, this leads to slower, fluent speech
consisting of prolonged vowels and smooth syllabic transitions. Clinical and research
evidence suggest that when used appropriately, DAF has the potential to result in
dramatic reductions in speech rate, which is often accompanied by improved
intelligibility. It is interesting to note, in neurotypical individuals, the use of DAF also
reduces speech rate, but more often results in “artificial stuttering” by inducing sound
substitutions, omissions, and distortions of phonemes, though responses to DAF vary
between individuals. In addition to treating speech rate, D50ms to 150 ms appear to be
the most effective, and delays exceeding 150 ms do not yield further gains and sometimes
reduce intelligibility. DAF has also proven successful in treating stuttering in individuals
with fluency disorders. However, the neurological reasons why DAF reduces stuttering in
those with fluency disorders remains unclear.
Relevance to Current Study: One of the rate control methods involved in the
current study is delayed auditory feedback (DAF). Therefore, the information in this

51
article is relevant to the current study as it provides information about DAF and its
clinical applications.
Blanchet, P. G., & Snyder, G. J. (2010). Speech rate treatments for individuals with dysarthria: A
tutorial. Perceptual and Motor Skills, 110(3), 965–982.
https://doi:10.2466/pms.110.3.965-982
Objective: The purpose of this article is to describe and examine various rate
control interventions for speakers with dysarthria.
Summary: Five rate control methods were examined: pacing boards, alphabet
boards, visual and auditory feedback, cuing and pacing strategies, and delayed auditory
feedback. Pacing boards are boards divided into segments that can be tapped or read by
the patient to represent segments in speech, most often syllables, thus forcing speakers to
slow their speech rate as they break their speech into segments. In doing so, speech rate is
most often successfully reduced and intelligibility increases. The authors recommended a
trial use of a pacing board in rate control intervention before moving on to other methods
due to its relatively low cost, ease of use, and minimal training requirements. In the
context of speech rate control, alphabet boards are most often used to supplement speech
rather than replace it. For example, a patient may use an alphabet board to point to the
first letter of each word as they speak, thereby slowing their speech to allow time for
pointing. Research has shown that the use of alphabet boards is effective in reducing
speech rate and increasing intelligibility, though it is not clear whether intelligibility
increases are due to reduced speech rate or increased context cues for the listeners. Visual
and auditory feedback can be performed using any tool that continuously supplies a
speaker with immediate visual or acoustic feedback about their speech, allowing them to
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modify the behavior to achieve a target measure. While research shows that intelligibility
increases with the use of visual and auditory feedback, there are no data to show
significant maintenance of improved speech behaviors and there is a tendency to regress
after treatment. However, in conjunction with traditional speech rate therapy techniques
targeting specific teaching of behaviors, maintenance of improved speech behaviors tends
to improve. Cuing and pacing strategies most often consist of a patient attempting to
match an external rhythm set either by a metronome, an auditory production of an
utterance, or clinician cues. Most often, these types of strategies allow patients to produce
more natural-sounding speech as cueing often follows appropriate speech patterns. In one
study, however, intelligibility increased most when metered (rather than rhythmic) cueing
was used. Patients treated with cueing and pacing strategies tend to maintain relatively
improved speech behaviors post-treatment. Patients using delayed auditory feedback tend
to preserve relative naturalness to their speech. However, most patients do not maintain
improved speech behaviors without constant delayed feedback.
Relevance to Current Study: As the current study seeks to compare the
effectiveness of various cueing strategies in changing speech rate, the information in this
paper is relevant because it presents what is generally known about common rate control
methods, and therefore what still needs to be understood.
Chon, H., Kraft, S. J., Zhang, J., Loucks, T., & Ambrose, N. G. (2013). Individual Variability in
Delayed Auditory Feedback Effects on Speech Fluency and Rate in Normally Fluent
Adults. Journal of Speech, Language, and Hearing Research, 56(2), 489-504.
https://doi.org/10.1044/1092-4388(2012/11-0303)
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Objective: The objective of this study was to examine individual variation in
response to delayed auditory feedback (DAF) in order to identify factors that may
predispose an individual to be more or less dependent on auditory feedback.
Method: This study involved a group of 62 fluent speakers: 29 men and 33
women ranging in age from 18-30 years old. Samples of each participant’s spontaneous
speech were obtained by initiating a casual conversation on selected topics such as study
major, classes, hobbies, and plans for vacations. Each participant spoke under both a nondelayed auditory feedback (NAF) condition and under a 250ms delayed auditory
feedback (DAF) condition. The speech samples were transcribed using the SALT
program and disfluencies were coded. Nine types of disfluency were identified. These
disfluencies were grouped either as stutter-like disfluencies (SLDs) and other disfluencies
(OD). The SLDs included repetitions (part-word, syllable, single syllable word,
unstressed syllable), blocks and sound prolongations, and voice tremors. The ODs
included interjections, revisions/abandoned utterances, and multisyllable/phrase
repetitions. Speech articulatory errors (SEs) were also coded. Mean articulation rate was
also determined for each participant by computing the number of perceptually fluent
syllables divided by the duration of fluent speech in seconds for each utterance.
Participants were organized into three subgroups post-experiment: low responder,
intermediate responder and high responder based on the number of SLDs they produced
(e.g., low responders produced fewer SLDs).
Results: For all participants, the rate of SLDs in spontaneous speech was
significantly higher under the DAF condition than in the NAF condition, with a large
effect size. There was not a significant difference between male and female participants.
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Female participants produced significantly fewer ODs in both conditions than male
participants, but there was not a significant difference between feedback conditions.
Articulation rate was significantly reduced for all participants under the DAF condition
than the NAF condition, and male participants showed significantly faster articulation
rates than female participants under the DAF condition. There were significantly more
SE’s produced by all participants under the DAF condition. Each dependent variable (i.e.,
articulation rate and number of ODs, SLDs and SEs) showed a higher variability between
individual participants under the DAF condition as compared to the NAF condition.
Participants identified as low responders had the lowest SLD and SE counts under DAF.
Intermediate responders had an intermediate range of SLDs, but the highest articulation
rates and SE counts. High responders had the highest SLD counts, and broad range of
SEs and the slowest articulation rates.
Conclusions: DAF can significantly reduce articulation rate in fluent speakers,
and may lead to a significant increase in stutter-like disfluencies. There is significant
variability between individuals in their susceptibility to DAF and their ability to speak
fluently under DAF, which may be related to a continuum of speech motor skills.
Chon, H., Sawyer, J., & Ambrose, N. G. (2012). Differences of articulation rate and utterance
length in fluent and disfluent utterances of preschool children who stutter. Journal of
Communication Disorders, 45(6), 455-467.
https://doi.org/10.1016/j.jcomdis.2012.08.003
Objective: The purpose of this study was to investigate the characteristics of four
types of utterances in preschool children who stutter by measuring articulation and length
of utterance. The four types of utterances studied were perceptually fluent, containing
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normal disfluencies (OD), and containing stuttering-like disfluencies (SLD), and
containing both normal and stuttering-like disfluencies (SLD+OD).
Method: This study involved 14 preschool-age children who stuttered.
Conversational speech samples were gathered for each child by having them play with
Play-doh with either their parent or the clinician for approximately 40 minutes.
Researchers then transcribed the conversational speech samples using the SALT program
and coded two groups of disfluencies: stuttering-like disfluencies (SLD), and normal
disfluencies (OD). Articulation rate was calculated as the number of syllables per second
of perceptually fluent speech, excluding all instances of SLD, OD, and pauses longer than
250 ms. Measures of the overall duration of utterances and the durations of each pause
within each utterance were collected. Using these measurements, each utterance was
categorized as one of four types: fluent utterance, utterance containing only SLD,
utterance containing SLD and OD, and utterance containing only OD.
Results: There was no significant difference found in articulation rate between the
four types of utterances. Mean length of utterance was longer for SLD+OD utterances
than for any other type of utterance. The highest amount of variance in mean length of
utterance was found in OD utterances the lowest amount of variance was found in the
fluent utterances. Mean length of utterance in the SLD+OD utterance type was
significantly longer only when compared to the mean length of fluent utterances.
Conclusion: It does not appear that articulation rate is significantly affected by
slower speech in disfluent utterances. Speech containing both normal and stutter-like
disfluencies appears to have a longer duration than speech containing no disfluencies,
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possibly due to a larger number of spoken disfluency clusters. There does not appear to
be a significant relationship between articulation rate and utterance length.
Dagenais, P. A., Brown, G. R., & Moore, R. E. (2006). Speech rate effects upon intelligibility
and acceptability of dysarthric speech. Clinical Linguistics & Phonetics, 20, 141–148.
https://doi.org/10.1080/02699200400026843
Objective: The objective of this study was to help determine how best to improve
both intelligibility and acceptability of disordered speech by determining the effects of
altering the speaking rate of speakers with dysarthria by increasing or decreasing their
rate by 30%.
Method: Four speakers with moderate, acquired dysarthria and two speakers
without any neurological conditions participated in this study. Each speaker was audiorecorded while reading sentences from the Assessment of Intelligibility of Dysarthric
Speech (AIDS). From each recording, two additional audio files were created using
COOL EDIT software, one at a rate 30% faster and one at 30% slower than the habitual
rate from the original recording. A group of 30 young adult listeners were divided into
three groups of ten and were asked to rate randomized audio files on a scale of 1 to 9, and
were asked to type what they heard onto a computer screen.
Results: Mean acceptability scores for all three conditions (i.e., slowed, increased,
habitual) were 7 or higher on the 1 to 9 scale for the two control speakers without any
neurological conditions. Mean acceptability rates varied significantly among speakers
with dysarthria, with speaker 1 having the highest rating and speaker 4 having the lowest,
regardless of speaking condition. For speakers 1 and 2, the fast audio samples received
significantly higher acceptability ratings than their habitual audio sample. However, there
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was no significant difference in rating between the fast and habitual audio samples for
speakers 3 and 4, though both were significantly higher than the slow audio sample.
Mean intelligibility scores for the two control speakers were high across all three
conditions with the lowest scores for the slowed-rate condition. Mean intelligibility
scores for the speakers with dysarthria varied significantly with speaker 1 having the
highest rating and speaker 4 having the lowest, regardless of speaking condition. There
were no significant differences in intelligibility ratings within speakers for the three rate
conditions.
Conclusion: For speakers with increased intelligibility, it may be that increases in
rate result in increased acceptability of speech. However, for speakers with decreased
intelligibility, there does not appear to be a connection between increased rate (from
habitual rate) to an increase in intelligibility. As their intelligibility appeared to increase
from the slow rate to the habitual rate, while acceptability decreased with decreased rate,
it may be that speakers with poorer speech are already functioning at their most favorable
rate for both acceptability and intelligibility.
Dromey, C., Hunter, E., & Nissen, S. L. (2018). Speech Adaptation to Kinematic Recording
Sensors: Perceptual and Acoustic Findings. Journal of Speech, Language, and Hearing
Research, 61(3), 593-603. https://doi.org/10.1044/2017_JSLHR-S-17-0169
Objective: The purpose of this study was to use perceptual and acoustic measures
to examine the time course of speech adaptation after the attachment of electromagnetic
sensor coils to the tongue, lips and jaw.
Method: This study included 20, 10 female and 10 male, native English speakers
ranging in age from 20 to 34. Participants were seated in a sound booth and six sensors
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were glued to their articulators. Two sensors were glued along the midline of the tongue,
one on the middle of the tongue and one on the front of the tongue. One sensor was glued
to the lower incisors at midline, two sensors were glued to the upper and lower lip and a
reference sensor was attached to an eyeglass frame worn by the participants. Participants
were asked to read aloud a list of six sentences five times through, before the attachment
of the sensors, immediately after attachment of the sensors and five, 10, 15 and 20
minutes after the attachment of the sensors. Between recordings of stimuli, participants
continuously read aloud from a book or newspaper to adjust to the presence of the
attached sensors.
Results: Perceptual ratings revealed a decrease in speech precision after sensor
attachment and evidence of adaptation over time; there was little perceptual change
beyond the 10-min recording. Acoustic measures showed no evidence of adaptation over
time.
Conclusions: It may be that a time span of 10 minutes may be sufficient to allow
speakers to adapt to the presence of electromagnetic sensors placed on the articulators.
Dromey, C., & Ramig, L. O. (1998). Intentional Changes in Sound Pressure Level and Rate.
Journal of Speech, Language, and Hearing Research, 41(5), 1003-1018.
https://doi.org/10.1044/jslhr.4105.1003
Objective: The purpose of this study was to compare the effects of changing
sound pressure level and speech rate on respiration, phonation and articulation during
sentence production.
Method: This study included 10 neurotypical participants, five male and five
female, between the ages of 23 and 34. Participants were asked to speak the sentence, “I
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sell a sapapple again” under 9 different conditions: habitual speaking rate, twice and four
times as fast as habitual, half and a quarter of habitual, twice and four times as loud as
habitual speaking volume, and half and a quarter as loud as habitual. Each participant was
given directions to adjust their speech to these conditions, (i.e., “say the sentence a what
feels like half your normal speed”) in the same order. Sound pressure level, articulatory
movements of the upper and lower lips, utterance duration, and movements of the ribcage
and abdomen were measured for each participant under each condition.
Results: In general, as SPL increased, the displacement and velocity peaks of the
upper and lower lips increased as did fundamental frequency. In addition, lung volumes
increased both at initiation and termination of speech in comparison to habitual SPL. As
rate increased, consistency of lip movements decreased, and average movements of the
lower lip became reduced. In general, lower and upper lip velocity peaks were
inconsistent across individuals as speech rate changed. In addition, fundamental
frequency increased as speech rate increased. Changes in SPL appeared to more
significantly affect phonation, respiration, and articulation than changes in speech rate.
Conclusions: Increasing speech loudness may affect the entire speech system
more significantly than increasing speech rate. Changes in SPL may lead to more
consistent changes in phonation and respiration, whereas changes in speech rate may lead
to less consistent changes. This may need to be taken into consideration when treating
dysarthria and in future research studying interaction of speech subsystems.
Duffy, J. R. (2005). Motor speech disorders: Substrates, differential diagnosis, and management
(2nd ed.). Elsevier Mosby.
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Objective: The purpose of this book is primarily to educate graduate students,
practicing clinicians, and researchers in speech-language pathology about the
neurological substrates of speech and speech disorders, and the diagnosis and
management of motor speech disorders.
Summary: This book is divided into three parts, with the first addressing the
neurologic substrates of speech and its disorders, the second addressing the disorders and
their diagnoses, and the third addressing the management of these motor speech
disorders. This book provides basic definitions, explanations and information about a
collection of motor speech disorders, including the dysarthrias, apraxia of speech,
neurogenic mutism and other neurogenic speech disorders. Specifically, this book
provides information about etiologies, characteristics, commonly co-occurring disorders
and relevant case studies for each motor speech disorder discussed. It also addresses
differential diagnosis among the discussed speech disorders. In addition, this book
provides information concerning various types of treatments for motor speech disorders,
including general information for approaching and sequencing treatment as well as
detailed information about specific treatment approaches. This book endeavors to
incorporate the most current research available at the time of its writing in order to
provide the reader with the most complete understanding of motor speech disorders, their
etiologies, characteristics, and treatments possible.
Relevance to Current Study: The current study is aimed at understanding how rate control
treatments affect articulatory patterns. Therefore, this book is relevant to the current study
because it provides information about rate control treatments that will be studied.
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Hanson, E. K., Yorkston, K. M., Beukelman, D. R., & Helm-Estabrooks, N. (2004). Speech
supplementation techniques for dysarthria: A systematic review. Journal of Medical
Speech-Language Pathology, 12(2).
Objective: The purpose of this review was to examine and describe two speech
supplementation techniques used in treating speakers with dysarthria.
Method: The researchers gathered 19 articles from a search of the available
relevant research related to speech supplementation. Within the collected articles, three
speech supplementation techniques were reviewed: alphabet boards and topic
supplementation. In general, subjects involved in the collected research articles were
diagnosed with dysarthria and had diagnoses including cerebral palsy, CVA, TBI, ALS,
and Parkinson’s disease. Speakers also represented flaccid, spastic, mixed, athetoid, and
hypokinetic dysarthria of varying severities and ranged in age from 9 to 87 years old. In
the collected studies, most speakers read prepared stimuli ranging from single words to
sentences and phrases using a speech supplementation technique, and their speech was
rated for intelligibility by a group of listeners.
Results: Alphabet cues were found to function in at least two ways. Knowing the
first letter of an intended word appeared to help the listener narrow down the possible
words the speaker was attempting to produce and pointing to the letter of each word
appeared to help the speaker separate words with increased pauses. Intelligibility
appeared to generally increase with the use of alphabet cues, particularly for speakers
with severe dysarthria. Semantic cues appeared to help listeners by narrowing
expectations for the content of a message spoken by a speaker with dysarthria. Generally,

62
semantic cues increased intelligibility for all speakers with dysarthria, particularly those
with moderate dysarthria.
Conclusion: Both alphabet and semantic cues appear to increase intelligibility by
providing supplemental cues for listeners that allow them to narrow down, or to more
accurately “guess” what a speaker with dysarthria is attempting to say. Speech
supplementation techniques appear to be most effective for speakers with moderate to
severe dysarthria.
Hustad, K. C., & Garcia, J. M. (2005). Aided and Unaided Speech Supplementation Strategies.
Journal of Speech, Language, and Hearing Research, 48(5), 996-1012.
https://doi.org/10.1044/1092-4388(2005/068)
Objective: The purpose of this study was to compare how different cueing
conditions (alphabet cues and iconic hand gestures) affect intelligibility ratings and
helpfulness to the listener scores across audio-visual and audio modalities.
Method: This study involved 140 neurotypical individuals who participated as
listeners. In addition, this study also involved three speakers with severe dysarthria
secondary to cerebral palsy, mean age 37. Each speaker produced 24 different sentences
used in a previous study performed by the authors which were six to eight words in
length and composed of one and two syllable words. In addition, each sentence was
imperative and contained two key content words. Speakers produced eight sentences in
each of three speaking conditions: habitual, using alphabet supplementation, and using
iconic hand gestures. In the alphabet supplementation condition, speakers were instructed
to point to the first letter of each word they spoke while simultaneously speaking the
word. In the iconic hand gestures condition, speakers were instructed to use two scripted
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iconic hand gestures that matched the two key content words in each sentence. Tapes of
the speaker's performance were recorded and used as stimuli. However, for the audioonly stimuli, the visual image was replaced with a blue screen. Listeners were assigned to
listen to the same speaker for each of the 24 target sentences and then asked to transcribe
what they heard. Intelligibility was calculated by comparing the number of correctly
identified words to the number of words in the target sentence. In addition, each listener
completed a listener helpfulness questionnaire to determine the helpfulness of each
cueing method.
Results: Intelligibility ratings and listener helpfulness scores were significantly
higher for both alphabet cues and iconic hand gesture cues in comparison to no cueing.
For two of the three speakers, there was not a significant difference in intelligibility
scores and helpfulness ratings between the alphabet and hand gesture cueing conditions.
However, for one speaker, the use of alphabet cues resulted in significantly higher
intelligibility and helpfulness rating scores in comparison to hand gestures.
Conclusions: Both alphabet cues and iconic hand gestures lead to a significant
increase in intelligibility for speakers with severe dysarthria and are significantly more
helpful to listeners than a no-cueing condition. Because both cueing conditions produced
similar results in increasing intelligibility, it may be that listeners are aided in
understanding distorted speech when signal-independent cues are used, regardless of the
modality of those cues.
Hyland, J. D., & Weismer, G. (1988). The effects of three feedback modes on the ability of
normal geriatric individuals to match speaking rate. Journal of Speech and Hearing
Disorders, 53, 271–279. https://doi.org/10.1044/jshd.5303.271
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Objective: The purpose of this study was to investigate the effects of three
feedback modes (visual-verbal, verbal-quantitative, and verbal-qualitative) on
neurotypical individuals to match three different speaking rates (slow, average, and fast).
Method: This study involved thirty participants, aged 65-80 years old who had
received a normal score on the Mini-Mental Measure, no neurological deficits, and
normal oral function, speech, vision, and an ability to repeat short sentences. 10
participants were randomly assigned to each of the three feedback conditions and were
asked to repeat the phrase, “Buy Bobby a doughnut” at one of three speeds. To obtain
durations for the three speeds, the habitual duration of the target phrase was multiplied by
two (for the fast speed) and divided by two (for the slow speed). In the visual-verbal
feedback mode, subjects were instructed to produce the test phrase at the same total
utterance duration visually displayed on a screen and were given qualitative feedback
regarding how much faster or slower their utterance was than the target phrase. In the
verbal-quantitative feedback condition, subjects were faced away from the display screen
and asked to produce the test phrase at one of three speeds (slow, normal, fast) and were
given qualitative feedback regarding how much faster or slower their utterance was than
the target phrase. In the verbal-qualitative feedback condition, subjects were faced away
from the display screen and asked to produce the test phrase at one of the three speeds,
and were given qualitative feedback regarding their accuracy in matching the target rate.
Each of the nine conditions (three feedback modes with three speaking rates) contained
four blocks of 10 trials. Each subject participated in four blocks of 10 trials for each
speaking rate (in a randomized order).
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Results: The most errors were made at the slow rate but the greatest
improvements in matching the target speech rate were seen between Blocks 1 and 2,
especially at the slow rate. Greater performance was seen in the visual-verbal and verbalquantitative feedback conditions. More errors were made at the normal rate in the verbalqualitative feedback condition than the other two conditions, and there was no significant
difference in number of errors for the fast rate across feedback conditions.
Conclusions: It may not be that visual-verbal feedback is superior to only verbal
feedback as performance increased with visual support only for the slow-speaking rate.
The fast-speaking rate consistently demonstrated the smallest number of errors, possibly
indicating that subjects operating near their maximum speaking rate produce fewer errors.
Kilner, J. M., & Lemon, R. N. (2013). What we know currently about mirror neurons. Current
Biology, 23(23). https://doi.org/10.1016/j.cub.2013.10.051
Objective: The purpose of this article was to provide a review of studies that have
directly recorded mirror neuron activity.
Summary: Mirror neurons are motor neurons that discharge both when an action is
carried out and when it is observed. They were first described in the ventral premotor
cortex (area F5) of the macaque monkey brain, and have also been reported in the inferior
parietal lobule and the dorsal premotor and primary motor cortex. It appears that certain
groups of mirror neurons discharge for particular actions and not for others, and some
mirror neurons only discharge for selective activities, such as a fine precision grip rather
than whole hand prehension. Neuroanatomical studies of area F5 have revealed three
interconnected sub-divisions: F5a, F5b, and F5c. Some mirror neurons, roughly 50% will
discharge both when an action is carried out and observed in real-time, and roughly 20%
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will respond when a videoed action is observed. Additionally, some studies have reported
that mirror neurons respond to the sound of an action, roughly 20%. Mirror neuron
discharge is also affected by where in the field of vision an action is observed, whether an
action is hidden from the observer (direct vision of an action is not necessary to elicit
mirror neuron activity) and distance from the observed action. Studies have also shown
that mirror neurons in the parietal lobe respond to the same action being carried out in
various contexts, suggesting that they are involved in encoding the “semantic
equivalence” of actions. Mirror neurons do not respond exactly the same way in humans
as they do in macaque monkeys as firing rates and activation patterns differ between the
two.
Conclusion: Knowledge of mirror neurons has had a profound effect on what is
understood of social cognition. There is evidence that mirror neurons are present
throughout the neural motor system including the motor cortex and parietal cortex. More
research is needed to more clearly understand the functional role of mirror neurons in
adaptation and motor learning.
Kuruvilla-Dugdale, M., & Mefferd, A. (2017). Spatiotemporal movement variability in ALS:
Speaking rate effects on tongue, lower lip, and jaw motor control. Journal of
Communication Disorders, 67, 22–34. https://doi.org/10.1016/j.jcomdis.2017.05.002
Objective: The purpose of this study was to determine differences in tongue,
lower lip, and jaw movement variability in speakers with ALS and neurotypical
individuals in response to change in speaking rate.
Method: This study involved a group of 10 individuals with ALS with mild to
severe dysarthria and 11 age and gender matched neurotypical individuals. Participants
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were asked to produce 12 consecutive repetitions of the sentence “Say that I owe you a
yo-yo today” at habitual, slow, and fast-speaking rates. For the slow rate, participants
were asked to reduce their rate to half their habitual rate and for the fast rate were asked
to speak as quickly as possible. Kinematic data was collected using eight sensors: three
on the tongue, one on the midline of the lower lip at the vermillion border, and two on the
mandible below the left and right canines. Additionally, head sensors served as reference
points to create a coordinate system. Acoustic data was also collected. Files containing
tongue, lower lip and jaw movement as well as audio data for all 12 repetitions were run
through a Matlab (Version 2019b) application to compute STI for each rate condition.
The Speech Intelligibility Test (SIT) was used to calculate sentence intelligibility for each
participant.
Results: STI values for speakers with ALS tended to be lower than those of neurotypical
speakers. STI did not vary significantly in the neurotypical group, but were significantly
lower for speakers with ALS under typical and fast conditions when compared to the
control group. STI scores for speakers with ALS tended to be higher during slow speech.
A significant relationship was found for sentence intelligibility and STI scores of the
tongue tip and lower lip.
Conclusions: Slow speech results in a significant increase in movement variability
for speakers with ALS. Movement variability may be an effective index of motor
impairment severity, and is expected to increase with dysarthria severity in speakers with
ALS.
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Nuffelen, G. V., Bodt, M. D., Vanderwegen, J., Heyning, P. V. D., & Wuyts, F. (2010). Effect of
rate control on speech production and intelligibility in dysarthria. Folia Phoniatrica Et
Logopaedica, 62, 110–119. https://doi.org/10.1159/000287209
Objective: The purpose of this study was to evaluate the effectiveness of seven
rate control methods (RCMs) on running speech intelligibility, speaking rate, articulation
rate, and pause characteristics, such as pause duration and pause frequency. In addition,
this study sought to answer the questions, “does the effect of rate control on intelligibility
depend on habitual speech rate, type of dysarthria and/or severity of dysarthria?”, and
“Does the maximal decrease in speech rate result in maximal increase in intelligibility
and can we define an ideal speech rate?”.
Method: For this study, an experimental group of 27 participants (22 men, 5
women, mean age: 64 years) were gathered who possessed intelligibility levels below
90%. Each participant was asked to read a randomly selected reading passage for at least
two minutes, and to provide a two-minute speech sample under eight rate control
methods: habitual, speaking slower on demand, alphabet board, hand tapping, pacing
board, and delayed auditory feedback with delays of 50 ms (DAF50), 100 ms (DA5100),
and 150 ms (DAF150). The collected speech samples were rated by three speech
language pathologists with experience in dysarthria who were not familiar with the
randomized reading passages. Speech samples were rated on a scale ranging from
completely unintelligible to completely intelligible. Speech samples were also analyzed
using the Audacity computer program and calculations of total pause duration, mean
pause duration and pause frequency were taken.
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Results: Each rate control method, with the exception of speaking slower on
demand, resulted in significantly lower mean speech rates when compared with habitual
speech rates. Mean speech rate under the speaking slower on command rate control
method was reduced only by 9.3%. The most significant reductions in speech rate were
obtained under the hand tapping, alphabet board, and pacing board rate control methods.
Each rate control method, with the exception of speaking slower on demand, resulted in
significantly reduced articulation rates. The mean articulation rate was reduced only by
3.7% in the speaking slower on command rate control method. The most significant
reductions in articulation rates were obtained under the hand tapping, alphabet board and
pacing board rate control methods. Total pause duration was only significantly increased
when an alphabet board or pacing board was used, and mean pause duration significantly
increased only when a pacing board was used. Number of pauses increased significantly
only when a pacing board or hand tapping were used. Number of pauses significantly
decreased when an alphabet board was used. Average intelligibility of the dysarthric
group decreased under each rate control method, especially in the case of delayed
feedback at 100ms. However, for 13 individual participants, intelligibility increased
significantly under at least one rate control method. Alphabet board, pacing board, and
hand tapping were the most effective methods and increased intelligibility significantly in
three participants. In general, an individual’s maximal intelligibility level was not
obtained by the rate control method that most effectively reduced speech or articulation
rate, though this was the case for 6 of the 27 participants. It was found that a decrease in
speech rate was beneficial both for the participants with an already increased habitual
speech rate and for those with a normal habitual speech rate.
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Conclusion: Each rate control method can cause a significant increase in
intelligibility for patients with a variety of dysarthria types, and do so by reducing
articulation rate and increasing pause duration and pause frequency. The most effective
rate control methods were hand tapping, pacing board, and alphabet board. The effect of
rate control on intelligibility is not dependent on habitual speech rate or severity of
dysarthria. However, a maximum decrease in speech rate is not always correlated with a
maximal increase in intelligibility, and some rate control methods may create a decrease
in intelligibility in some cases. It was not possible to reach a conclusion about an ideal
speech rate.
Ouellette, J. (2015). The effect of a rhythmic speech cueing protocol on speech intelligibility in
patients with Parkinson's disease (Master’s thesis, University of Miami, Miami, United
States). Retrieved from
https://scholarlyrepository.miami.edu/cgi/viewcontent.cgi?article=1598&context=oa_thes
es
Objective: The purpose of this study was to investigate the long-term effects of a
Rhythmic Speech Cueing (RSC) protocol on severe speech impairments resulting from
Parkinson’s disease (PD).
Method: Five individuals, four males and 1 female ranging in age from 50 to 85
years old, diagnosed with idiopathic PD and speech deficiencies resulting from PD,
participated in this study. A repeated-measures design was used. Each participant was
required to be on a dopaminergic medication to control for the symptoms of PD while
involved in the study. Each participant received 12 25-minute treatment sessions of
Rhythmic Speech Cueing (RSC) over a 4-week period. Each treatment session consisted
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of metered rhythmic cueing with fading (20 minutes) and conversational speech (5
minutes). For rhythmic cueing, participants hand-tapped and spoke each word syllable to
an auditory metronome cue that was set to 60% of their habitual speech rate. First, the
researcher read each sample sentence (chosen from the Assessment of Intelligibility of
Dysarthric Speech) out loud one time with hand-tapping at the reduced rate while the
participant watched, listened, and tapped along without speaking. Second, the participant
joined the researcher in reading each sentence out loud with hand-tapping and the
metronome cue. Third, the participant spoke the sentence two times with metronome
cueing and hand-tapping, but without the researcher’s model. Fourth, the participant
spoke each sentence one time with metronome cueing, but the researcher faded the
cueing half-way through each sentence. Lastly, the participant spoke each sentence one
time with no cueing. Each participant was also administered a pre-test one week prior to
treatment, a mid-test two weeks into treatment, and post-test one week after treatment
was completed. Within each 20-minute testing session, participants were asked to speak a
total of 22 sentences from the Assessment of Intelligibility of Dysarthric Speech (AIDS)
and to describe what they observed in a color photo from the Picture Description Task
(PDT). Data were collected on percentage of intelligible speech, speech rate (WPM),
intelligible words per minute (IWPM), unintelligible words per minute (UWPM),
communication efficiency ratio (CER), and content of speech during PDT.
Results: Percentage of intelligible speech increased from pre- to post-test for
Participants 1 and 4, decreased in Participants 2 and 3, and remained the same for
Participant 5. UWPM decreased in Participants 1, 4, and 5 from pre- to post-test but
increased for Participants 2 and 3. CER increased from pre- to post-test for Participants 1
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and 4, but decreased for Participants 2, 3, and 5. Content of speech scores increased from
pre- to post-test for all except Participant 5. In short, each participant demonstrated
change over time, with Participant 1 showing the greatest improvement across treatment.
Conclusion: Rhythmic Speech Cueing (RSC) can be effective in the treatment of
speech deficiencies that are associated with dysfluent and laborious speech in PD,
particularly patients with severe speech impairments. In addition, RSC may also be
beneficial in increasing content of speech scores in this population.
Pilon, M. A., McIntosh, K. W., & Thaut, M. H. (1998). Auditory vs visual speech timing cues as
external rate control to enhance verbal intelligibility in mixed spastic-ataxic dysarthric
speakers: a pilot study. Brain Injury, 12, 793–803.
https://doi.org/10.1080/026990598122188
Objective: The purpose of this study was to compare the effectiveness of auditory
and visual speech timing cues for reducing speech rate and increasing speech
intelligibility in mixed spastic-ataxic dysarthric speakers.
Method: Three adult males, aged 24, 23, and 44 were recruited for this study
through an outpatient clinic. All three subjects were post-Traumatic Brain Injury (TBI)
patients, and all presented with mixed spastic-ataxic dysarthria. A single subject design
with baseline reversal was used. Each participant was asked to produce sample sentences
under four pacing conditions: no pacing (NP), singing pacing (SP), metronomic pacing
(MP), and board pacing (BP). During NP, data for speech rate and verbal intelligibility
were acquired by having the subject read a set of different 30 sentences in each baseline
trial. During SP, the investigator sang a melody at 20% slower than the baseline wpm
determined for each subject while playing the melody with an accompanying harmonic
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chord on a keyboard. Then, the subject was asked to sing the sentence using the same
melody, stress, and tempo used by the investigator while the investigator sang and played
the keyboard. The melody, tempo, stress and intonation patterns reflected the inflection
pattern of each sample sentence. During MP, the subject was asked to read each sample
sentence with an accompanying metronomic cue set 20% below each subject’s first
baseline wpm. During BP, the subject was presented with one sentence at a time on a
pacing board, each word in the sentence being represented by differently colored dividers
placed three inches apart. The subject was given instructions to read the sentence out loud
while tapping each word with their finger. The no pacing condition was alternated
systematically with the three treatment conditions and the other three treatment
conditions were counterbalanced across subjects. Each subject participated in one session
per week for a total of 6 weeks. In each session, each subject’s verbal intelligibility was
measured as well as their words per minute (wpm) to determine if there was a correlation
between speech rate and verbal intelligibility.
Results: All three pacing conditions resulted in an average increase in
intelligibility scores. MP yielded a 21.2% increase, BP yielded a 13.6% increase, and SP
yielded a 12.1% increase. However, effects were varied among the three subjects.
Subjects 1 and 3 showed positive benefits from all three pacing methods with MP
yielding the greatest improvement. Subject 2, whose baseline intelligibility score was
significantly higher than Subjects 1 and 3, did not benefit from any pacing condition, but
experienced a slight decrease in intelligibility under all three pacing conditions.
Differences between treatment conditions were not found to be statistically significant. In
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addition, all three pacing conditions yielded a reduced mean speech rate. MP and SP
reduced the mean speech rate by 21.6% and BP reduced mean speech rate by 11.34%.
Conclusion: External pacing for the purpose of reducing speaking rate and
increasing speech intelligibility may be beneficial when there is at least moderately
severe impairment, but may be detrimental to overall speech intelligibility when there is
only mild speech impairment. For the two subjects in this study for whom rate
modification was beneficial, auditory rhythmic cueing was preferable to visuospatial cues
both for increasing intelligibility and for modulating speech rate.
Ratcliff, A., Coughlin, S., & Lehman, M. (2002). Factors influencing ratings of speech
naturalness in augmentative and alternative communication. Augmentative and
Alternative Communication, 18(1), 11–19. https://doi.org/10.1080/aac.18.1.11.19
Objective: The purpose of this study was to report the results of three experiments in
order to identify which factors of synthesized speech contributed to ratings of “highly
natural” or “highly unnatural”, determine whether the adjustment of these factors affected
naturalness ratings, and whether reliability criteria followed by listeners affects the
naturalness ratings they give.
Results: The first study aimed to identify potential parameters in DECTalk
synthesized speech that contributed to listener ratings of “highly natural” and “highly
unnatural” speech by having them rate samples of both DECTalk and human-produced
speech. The study found that naturalness ratings were significantly lower for synthesized
speech than for human-produced speech. In addition, when asked to explain their reasons
for giving the ratings they did, the majority of listener’s comments had to do with their
perception of variations in rate, pitch, and pause. The second study aimed at determining
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how listeners would rate the naturalness of speech that differed in rate, pitch, and pause
time. The results of the study showed variations in pitch had no impact on listener’s
ratings of naturalness. Naturalness ratings were significantly lower for slower rate
conditions. In addition, naturalness ratings were significantly lower when additional
pauses were inserted into the synthesized speech sample. The third study aimed to extend
on the results of the aforementioned second study by using a larger number of stimuli
manipulation rate and pause, and by using a listener group with high inter-rater
reliability. The results of this study were consistent with the second study and showed
significantly lower naturalness ratings for speech with a higher frequency of pauses and
slower speech rates.
Conclusion: In synthesized speech, it appears rate modification is not as closely
correlated with intelligibility as it is with naturalness. In general, naturalness ratings
decreased for speech containing more pauses and slowed speech. In addition, it appeared
that changes in pitch had very little effect on whether synthesized speech was natural or
unnatural sounding.
Smith, A., Goffman, L., Zelaznik, H. N., Ying, G., & McGillem, C. (1995). Spatiotemporal
stability and patterning of speech movement sequences. Experimental Brain Research,
104(3). https://doi.org/10.1007/bf00231983
Objective: The purpose of this study was to characterize the patterning and
stability of speech movements, particularly at the phrase level, and to develop a new
metric as an index of spatiotemporal stability.
Method: This study involved a group of seven neurotypical adults. Participants
produced the phrase “buy Bobby a puppy” 20 times in groups of ten under both a fast rate
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and a slow rate. For the fast rate condition, participants were asked to speak at “twice
their normal rate” and for the slow rate condition, participants were asked to speak at
“half their normal rate”. Phrase duration for participant utterances was estimated using
the acoustic signal on a storage oscilloscope. The displacement of the lower lip during
speech was recorded using a strain gauge system, with a cantilever being guided through
a small bead attached to the vermillion border of the subject’s lower lip at midline. 15
short files of the filtered displacement signal were recorded from each rate condition.
They were selected as the interval from the peak velocity of the first opening movement
of the release of the /b/ in the word “buy” to the peak velocity of the last opening
movement of the /p/ in “puppy”. These 15 short files were then analyzed and averaged to
create an overall spatiotemporal index (STI), which reflected the overall spatiotemporal
stability across 15 repetitions of the same utterance.
Results: The peak velocities of the middle three opening movements in the
utterance, “buy Bobby a puppy” occurred at 25%, 49%, and 76% of the total movement
time for the fast condition, 29%, 51%, and 79% for the normal condition, and 33%, 57%,
and 84% for the slow condition. There was a significant correlation between overall
movement duration and relative time of occurrence of peak velocities. There was
relatively more variability in STI values for the slow and fast conditions when compared
to the normal condition, with a significant increase in STI values being found as
participants moved from a normal rate to a slowed rate.
Conclusion: It may be that at slowed rates, articulatory movements become less
stable. It appears that the computation of the STI provides a useful index of the stability
of speech movements.
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Tasko, S. M., & Westbury, J. R. (2002). Defining and measuring speech movement events.
Journal of Speech, Language, and Hearing Research, 45(1), 127–142.
https://doi.org/10.1044/1092-4388(2002/010)
Objective: The purpose of this article was to describe a method of separating
movement signals into a series of individual movement “strokes” and use that method to
segment speech-related movement of the tongue blade, tongue dorsum, lower lip and jaw
in healthy young speakers. In kinematic analysis of speech, segmenting of individual
articulator movements into distinct and independent instances is extremely difficult as
muscle contractions and articulator movements co-exist. In addition, articulators rarely
hold a position during speech, and are much more often continuously moving. In the past,
when attempting to segment articulatory movements, scientists have often defined
movements in terms of excursion along a single movement dimension, and then
evaluated characteristics of those movements such as amplitude, velocity or duration.
However, using this technique to identify distinct movements is complicated by the fact
that some articulatory events are easier to identify than others, as some phonemes create
more easily identifiable kinematic waveforms than others. In addition, defining
movement segments along a single movement dimension links time with axis orientation,
which means that the time at which an articulatory event happened changes depending on
which axis is being used. To avoid this problem, the authors proposed a measurement
unit of magnitude of rate change of position relative to time, which is not influenced by
the reference axis chosen to frame the data. Using this measurement, a movement unit is
defined as a period between two consecutive moments of lowest speed, or minima,
containing a period of acceleration and deceleration.
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Method: The study included speech materials recorded from 18 speakers from the
University of Wisconsin X-ray microbeam Speech Production Database (XRMB-SPD).
Each speaker had performed an oral reading of a script at a self-selected speaking rate.
While speaking, each speaker had gold pellets glued to the blade and dorsum of the
tongue, the gumline between the mandibular incisors and first and second molars, and on
the vermilion border of the lower lip. Data were collected from these pellets reflecting the
speed at which each articulatory point moved during the oral reading. From the resulting
data, movement “strokes” were defined as periods of movement between points of
minimum speed (aka speed minima).
Results: In general, there were typically fewer movements strokes than adjacent
sound pairs, more strokes than syllables or words, and different numbers of strokes per
articulator. Therefore, it is likely that a combination of strokes from multiple articulators
create sounds, syllables and words as wholes, and individual strokes do not always
clearly reflect the phonological or acoustic features they span.
Conclusion: There are benefits to using movement strokes to analyze speech
kinematics. Strokes can be defined without reference to external body movements or to
speech units, such as words or syllables. Therefore, this approach can be applied to any
motor task, making it well suited to comparing motor behavior across different structures
in both typical and atypical systems. Lastly, dividing articulatory movements into strokes
is something that can be automated, allowing for large scale and efficient generation of
data.
Turner, G. S., Tjaden, K., & Weismer, G. (1995). The influence of speaking rate on vowel space
and speech intelligibility for individuals with amyotrophic lateral sclerosis. Journal of
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Speech, Language, and Hearing Research, 38(5), 1001–1013.
https://doi.org/10.1044/jshr.3805.1001
Objective: The purpose of this study was to examine the effect of speaking rate on
the size of articulated vowel space in neurotypical individuals and individuals with ALS.
In addition, this study sought to examine the relationship between the size of acoustic
vowel space and speech intelligibility.
Method: This study involved nine individuals with dysarthria secondary to ALS
and nine age and gender matched neurotypical individuals. Each subject group contained
5 males and 4 females ranging from 34 to 68 years in age. Each subject read a reading
passage while being asked to use a habitual rate, twice their habitual rate, and half their
habitual rate. Words containing four target vowels were segmented to conduct repeated
token analyses. Words containing the target vowel tokens were low-pass filtered, then
digitized. Vowel duration was defined as the time interval between the first and last
glottal pulse of a vocalic nucleus as indicated by energy extending through both the first
and second formants on a wideband spectrogram. The vowel duration data were used to
analyze changes in speaking rate associated with the speaking conditions. Vowel space
area was calculated by bisecting generated vowel quadrilaterals into two triangles, then
summing the areas of those triangles. To evaluate the relative contribution of different
vowels to vowel working space, the Euclidean distance across vowel, habitual rate
centroid, and mean formant one and two for each corner vowel was measured then
compared within speaker results.
Results: For the habitual and fast rate conditions, dysarthric speakers exhibited
significantly slower speaking rates than neurotypical speakers. In the slow condition,
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there was no significant difference between the two groups. Additionally, dysarthric
speakers decreased their speaking rate in the slow conditions by roughly 50% of the
change seen in the neurotypical speakers. Average vowel durations were longer for
dysarthric speakers across all speaking rates. For both groups, the fast-speaking rate
resulted in reduced vowel durations and the slow-speaking rate resulted in longer vowel
durations. Speakers with ALS demonstrated smaller average vowel space area at all
speaking rates and both groups demonstrated larger vowel space areas at decreased
speaking rates.
Conclusion: Rate change does not uniformly affect vowel space across dysarthric
subjects or a uniform effect on speech intelligibility.
Weismer, G., Yunusova, Y., & Westbury, J. R. (2003). Interarticulator Coordination in
Dysarthria. Journal of Speech, Language, and Hearing Research, 46(5), 1247-1261.
https://doi.org/10.1044/1092-4388(2003/097)
Objective: The general goal of this study was to further research whether articulatory
discoordination is a core, defining feature of some or all types of dysarthria. Specifically,
the purpose of this paper was to examine articulatory coordination across multiple
speakers, particularly the timing of lip and tongue movements during the production of
/u/, relative to changes in F2.
Method: This study involved 21 neurotypical control speakers, 18 speakers with
Parkinson’s Disease, and 9 speakers with ALS. Participants ranged in age from 39 to 86
years old. Speakers with PD and ALS exhibited a range of dysarthria severity and were
diagnosed with spastic, flaccid, ataxic, or mixed dysarthria. Each speaker was recorded
reading the sentence “She had your dark suit in greasy wash water all year” twice at a
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habitual, comfortable rate. Up to 11 gold pellet markers were attached to sections of the
tongue dorsum, lower lip, upper lip and jaw. The movement of these markers was
recorded using X-Ray Microbeam technology. From the collected recordings, the word
“suit” was selected for further analysis of the /u/ phoneme.
Results: Generally, during the articulatory transition from /s/ to /u/ in “suit”, the
tongue blade and jaw began to drop. The lips then came together and sometimes
protruded forward while the blade of the tongue moved posteriorly and the dorsum of the
tongue moved superiorly and posteriorly. Simultaneously, the F2 frequency decreased.
Vowel durations were longer in speakers with ALS compared with typical speakers and
speakers with PD. Speakers with PD exhibited reduced F2 transition extents. Male
speakers with ALS had smaller average F2 extents, but female speakers with ALS
exhibited the largest F2 extents of the three groups. Using univariate regression functions
to predict F2 values based on timing of articulatory movements was successful only for
typical speakers.
Conclusion: More research is required in this area of study to further clarify how
motor coordination is affected in dysarthria. However, it appears there may be subtle
disruptions of coordinated articulation, particularly coarticulation, in speakers with PD
and ALS.
Yorkston, K., & Beukelman, D. (1981a). Ataxic dysarthria: Treatment sequences based on
intelligibility and prosodic considerations. The Journal of speech and hearing disorders.
46. 398-404. https://doi.org/10.1044/jshd.4604.398
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Objective: The purpose of this paper was to review the treatment of four individuals with
improving ataxic dysarthria and the use of intelligibility and prosody measures as means
of making treatment decisions.
Method: Four subjects diagnosed with sudden, adult-onset ataxic dysarthria
ranging in age from 23 to 55 years old were identified. The identified etiologies were
anoxic encephalopathy for two subjects, and closed head injury for the remaining two.
Speech and language therapy was initiated for all patients between two and six weeks
post-onset and continued for between eight to ten months post onset. All subjects
displayed initial intelligibility ratings of less than 30% and speaking rates of over
100wpm. Targets of therapy were increased intelligibility, rate control and preservation
of normal prosody.
Summary: At the initiation of speech therapy, all patients exhibited extreme
difficulty in monitoring their speaking rate, and rigid rate control methods were
implemented, namely the alphabet and pacing boards. These techniques are often very
successful in reducing speaking rate by encouraging lengthened pause duration between
syllables and words, but result in abnormal prosody. As subjects began to improve their
self-monitoring abilities, less rigid rate control methods were implemented, namely
rhythmic cueing and oscilloscopic feedback. These methods do not disrupt prosody to the
extent more rigid techniques do. To carry out rhythmic feedback, clinicians paced the
reading of a passage by pointing to words as the subject read, cueing stressed syllables
slowly and unstressed syllables quickly. As the subjects improved their ability to follow
clinician cues, cues were diminished and eventually eliminated. To implement
oscilloscopic feedback, clinicians directed subjects to “fill up” a five-second window on
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an oscilloscopic display, in order to help subjects take more time during their utterances
and slow their rate of speech. The authors of the paper noted that oscilloscopic feedback
can be used to teach both prolonged pause time or slowed articulation rate, depending on
clinician direction to the speaker. Towards the end of the treatment period, as subjects
rate monitoring abilities improved, less rigid techniques were implemented. Rather than
providing the visual supports of clinician-given rhythmic cues or oscilloscopic feedback,
subjects were given solely verbal feedback about their rate of intelligibility. Subjects
were asked to speak at their “normal” rate, and then given verbal feedback to reduce their
rate until an optimal speech rate was found that produced high intelligibility ratings.
Therapy then focused on increasing speech rate as much as possible to improve prosody
while still preserving intelligibility. Additionally, therapy focused on the further
development of self-monitoring skills, namely the monitoring of articulatory accuracy
and speech rate. By the end of therapy, a slowed rate had become habitual for the
speakers, and they were able to generalize a slowed speaking rate to every-day
situations.
Relevance to Current Study: This paper is relevant to the current study as it
discusses several speech rate techniques involved in the current study and also discusses
how rigid and less-rigid rate control techniques can interact with each other in treatment.
This information will help to inform the design of the current study and provides
information about what is already known concerning speech rate treatments.
Yorkston, K. M., & Beukelman, D. R. (1981b). Communication Efficiency of Dysarthric
Speakers as Measured by Sentence Intelligibility and Speaking Rate. Journal of Speech
and Hearing Disorders, 46(3), 296-301. https://doi.org/10.1044/jshd.4603.296
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Objective: The purpose of this study was to obtain intelligibility scores and speaking rates
across a range of dysarthric speakers and examine methods of combining these measures
to quantify communication efficiency for dysarthric speakers.
Method: This study included 13 speakers with spastic, ataxic, or mixed dysarthia
of varied severity and one fluent speaker. Speech samples were obtained from each
speaker by asking them to read sentence sets and words lists that were compiled from a
pool of the 30,000 most frequently used English words. Speakers were asked to first read
each word or sentence silently, and then read them outloud. Speech samples were
recorded and listened to by four speech-language pathologists who transcribed what they
heard. From the collected transcriptions, measures of sentence intelligibility, single word
intelligibility, speaking rate, intelligible words per minute and unintelligible words per
minute were obtained. Subjects were also ranked by the four listeners according to their
communicative efficiency, with 1 being the lowest ranking and 14 the highest.
Results: Speaking rates ranged from 17wpm to 170wpm. Single word
intelligibility ranged from 9% to 88%, and sentence intelligibility ranged from 1% to
99% There was not a significant correlation between speaking rate and intelligibility
scores as many subjects exhibited similar intelligibility rating, but varied widely in
measured speaking rate. Some speakers who had similar intelligibility ratings differed in
that the speakers who had been ranked as more communicatively effective exhibited
intelligible speech rates higher than those who had been ranked lower. Speakers who had
been ranked as more effective generally had lower measures of unintelligible speech and
higher measures of intelligible speech.
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Conclusions: It appears that while speech rate and intelligibility may not be
strongly correlated, when they are combined to produce intelligible speech rate they are
helpful in identifying individuals who are more or less effective in their communication.
It may be that utilizing intelligible speech rate measurements in treatment may provide an
additional tool in maximizing an individual’s overall communicative effectiveness.
Yorkston, K., Beukelman, D., Strand, E., & Hakel, M. (2010). Management of Speech Rate. In
Management of Motor Speech Disorders in Children and Adults. Pro-Ed
Objective: The purpose of this chapter is to provide information regarding rate control
treatments and techniques for individuals with dysarthria in order to educate graduate
students and speech-language pathologists concerning the subject.
Summary: This chapter explains and discusses factors involved in deciding
whether a patient with dysarthria may benefit from a rate control treatment, as opposed to
other treatments discussed in the book. It also discusses factors involved in choosing a
rate control method based on individual patient needs, resources, and abilities. It also
discusses the differences between rigid rate control techniques and techniques designed
to preserve natural prosody. Temporal characteristics of speech, such as pauses and
syllable duration differ in the speech of individuals with dysarthria when compared to
neurotypical individuals. These temporal abnormalities may lead to lowered speech
intelligibility. Research has shown that reduced rate generally correlates with increased
intelligibility, possibly because it allows the speaker more time to articulate fully and to
coordinate the speech subsystems, and because it allows the listener more time to
understand the speaker’s speech and “fill in gaps”. To decide whether a patient may
benefit from a rate control treatment, clinicians must decide whether a modification in
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speech rate would increase speech intelligibility. To choose a rate control technique, three
factors need to be considered: effectiveness, training requirements, and consequences. If
a rate control technique has been proven effective in research, if its training requirements
are within a patient’s cognitive and physical abilities, and if it can be reasonably expected
that intelligibility will increase and a decrease in speech naturalness will not significantly
impact the individual’s speech, it is considered appropriate to use with that individual.
Relevance to Current Study: This chapter is relevant because it provides detailed
information about specific rate control treatments that will be used in the current study.
Yorkston, K. M., Hammen, V. L., Beukelman, D. R., & Traynor, C. D. (1990). The effect of rate
control on the intelligibility and naturalness of dysarthric speech. Journal of Speech and
Hearing Disorders, 55(3), 550–560. https://doi.org/10.1044/jshd.5503.550
Objective: The purpose of this study was to document the effect of controlling speaking
rate on several perceptual aspects of speech, specifically sentence and phoneme
intelligibility and naturalness of speech.
Method: For this study, an experimental group consisting of eight speakers with
dysarthria, ages 30-70 with habitual sentence intelligibility less than 90%, and a control
group of four individuals with no neurological conditions were used. Each experimental
subject was asked to complete three tasks to measure sentence intelligibility, phoneme
intelligibility, and speech naturalness. For the sentence intelligibility task, the
experimental group read aloud 11 randomly generated sentences from the Computerized
Intelligibility of Dysarthric Speech which were then orthographically transcribed and
analyzed for percentage of words accurately transcribed by judges. For the phoneme
intelligibility task, the experimental group read 19 sentences in which words containing a
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total of 57 vowels and singleton consonants were embedded. Judges were asked to
identify missing sounds in the generated speech samples and each sample was scored for
percentage of consonants and vowels correctly identified. For the speech naturalness task
both the experimental and control groups read a paragraph at habitual and slowed rates.
The generated speech samples were then judged using a 7-point scale to compare the
naturalness of one subject across a number of speaking conditions. Each speech sample in
all three tasks was recorded under nine experimental conditions: habitual, and under four
different rate control strategies (i.e., Additive Metered, Additive Rhythmic, Cued
Metered, and Cued Rhythmic) at 80% of habitual rate, and at 60% of habitual rate. For
the Additive Metered (AM) strategy, a speech sample was displayed word by word via a
switch pressed by the examiner on a computer monitor. For the Additive Rhythmic (AR)
strategy, a speech sample was displayed word by word using a timing pattern simulating
natural speech rather than equal durations for each word. For the Cued Metered (CM)
strategy, the entire speech sample was presented on screen and individual words were
underlined one by one at an equal duration. For the Cued Rhythmic (CR) strategy, the
entire speech sample was presented as in CM, but words were underlined one by one
following the timing of a natural speech pattern.
Results: For both groups, sentence intelligibility increased as speaking rate
decreased. In addition, the greatest increases in speech intelligibility occurred under the
Cued Metered (CM) and Additive Metered (AM) conditions. However, phoneme
intelligibility did not increase for all subjects as speaking rate decreased. In fact, for some
subjects, phoneme intelligibility decreased, and for those whose phoneme intelligibility
increased with slowed rate, there was not a consistent increase across subjects. Speech
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naturalness scores decreased the most for the control group, but did not change
significantly for the experimental group.
Conclusion: Reduction of speaking rate can result in consistent increase in
sentence intelligibility, particularly when metered pacing strategies are used. While the
reduction of speech rate results in a decrease in speech naturalness, the effect on
dysarthric speech is not significant, presumably because dysarthric speech is already
unnatural
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APPENDIX B
Consent/Institutional Review Board Approval Letter

Consent to be a Research Subject

Title of the Research Study: Kinematic and acoustic effects of different speech rate control
techniques
Principal Investigator: Christopher Dromey, PhD
IRB ID#: IRB2020-413
Introduction

This research study is being conducted by Professor Christopher Dromey, assisted by Amelia Jackson,
both from the Department of Communication Disorders at Brigham Young University, to determine how
speaking at different rates affects how the tongue, lips, and jaw move. You were invited to participate
because you are a native speaker of American English and have no history of speech, language, or
hearing disorders.

Procedures

If you agree to participate in this research study, the following will occur:
• you will sit in a sound-treated booth in room 106 of the John Taylor Building where your speech will
be recorded
• new, disposable small sensors (3 x 3 mm) will be attached with dental glue to your tongue, lips, and
lower front teeth
• for 10 minutes you will either read aloud or chat with the researcher as you get used to the feeling of
the sensors in your mouth
• you will read aloud sentences that will be presented on a computer screen in front of you
• you will be asked to match your rate of speech to an audio or audio/video recording of another
speaker
• you will be asked to speak at half or twice your normal speaking rate
• you will hear your own voice delayed electronically (delayed feedback), which may cause you to
speak differently
• total time commitment will be 60 minutes in one recording session

Risks/Discomforts

You might feel uncomfortable having electromagnetic sensors attached to your tongue, lips, and lower
teeth. It is possible that some of the dental glue will remain on the tongue surface for a few minutes
after the experiment is over. This may feel odd, but it will feel normal again within a few minutes.
The researcher will view the surface of your tongue after removing the sensors to make sure that any
traces of the glue are minimal. The single-use sensors will be thrown away after removal.

Benefits

There will be no direct benefits to you as a participant. However, we anticipate that the findings from
this study will benefit the field of speech pathology by helping us design better treatments for people
with speech problems.
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Confidentiality

The research data will be kept on password protected computer and only the researchers will have
access to the data. Before we analyze the recordings, all identifying information will be removed so that
your name will not be linked to the recordings. Only summary data from groups of participants will be
reported in publications and presentations. After the study the de-identified data will be kept on a
password-protected computer in the researcher’s office for possible future analysis with new
techniques.

Compensation

You will receive $10 for your participation, whether you finish the recording or not; compensation will
not be prorated.

Participation

Participation in this research study is voluntary. You have the right to withdraw at any time or refuse to
participate entirely without jeopardy to your class status, grade, or standing with the university.

Questions about the Research

If you have questions regarding this study, you may contact Christopher Dromey at 133 TLRB, 801-4226461, dromey@byu.edu for further information.

Questions about Your Rights as Research Participants

If you have questions regarding your rights as a research participant contact IRB Administrator at (801)
422-1461; A-285 ASB, Brigham Young University, Provo, UT 84602; irb@byu.edu.
Statement of Consent
I have read, understood, and received a copy of the above consent and desire of my own free will to
participate in this study.
Name (Printed):

Signature

Date:

